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Abstract 
The purpose of this study is to develop finite element models for the craniofacial 
skeleton. These will be used in the investigation of the mechanisms utilised by the 
skull to handle the biophysical forces generated during mastication (i. e. the 
biomechanics of the structure). Such models and insights will be of value in the field 
of implant technology when deciding on the optimal placement, dimensions, and 
material to be used for skeletal implants. Also the potential of such models can be 
seen in skeletal reconstruction when devising surgical techniques and deciding on 
regions for bone resections. Wrong decisions in this area could lead to fractures, pain, 
and discomfort during mastication. 
Three models for the craniofacial skeleton are investigated, the first is an engineering 
model for the human skull comprising the main links and pillars believed to handle 
masticatory forces. The second is an anatomical model of the mandible, and the third 
is an anatomical model for the complete craniofacial skeleton. All models incorporate 
masticatory muscles forces that are changing in both magnitude and direction as the 
masticatory cycle progresses. Further the main articulating joint in the craniofacial 
structure has been modelled using advanced contact elements. These features 
represent a significant advance over previous FE modelling work in this field. 
Results obtained from the models give new insights into the biomechanics of the 
craniofacial skeleton. One of the main new insights is that masticatory muscles have 
been identified as a major source of bone stress and that the inclusion of muscles is 
essential in FE modelling of skeletal structures. This finding contradicts the notion 
found in the literature that external biting forces are the dominant source of 
biophysical energy during mastication and that these forces dictate the biomechanics 
of the skull. 
The picture drawn from the results for the biomechanics of the skull is that 
masticatory muscles generate elastic deformations propagating from muscular 
attachments regions throughout the skull. There is some evidence that much of the 
resulting stress state is compressive within these regions. These stresses are believed 
to aid in accomplishing masticatory function. Examples are given on how to apply 
these new insights in the field of skeletal implants and temporomandibular joint 
disorders. 
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Chapter One 
Introduction 
1.1 Background and Purpose of the Study 
The skeletal system in the human body is a diverse system in the functions it 
performs. These include protection, assisting in movement, site of blood production, 
amongst others. Two of the main functions of the skeletal system are the provision of 
a framework supporting soft tissue and a rigid framework for muscles to pull against. 
During functioning of the skeleton, biophysical forces are generated within it, which 
are utilised in accomplishing the required physiological function. 
Focusing the attention on the human skull, which consists of two sets of bones: 
cranial and facial bones. Thus the name craniofacial skeleton is sometimes used for 
the human skull. One of its main physiological functions is mastication. During this, 
forces are generated due to the action of masticatory muscles attached to the skeletal 
structure. The design of the skull is expected to be able to handle these forces. The 
anatomy of the human skull is well known. However, the mechanisms by which the 
craniofacial skeleton handle these forces is not understood and there are still a broad 
range of unanswered but fundamental questions regarding the biomechanics of the 
human skull. 
Understanding how a structure like the human skull maintains structural integrity 
during healthy functioning is of paramount importance in better restoration of 
function when attempting skeletal reconstruction, surgical intervention, and implant 
integration into the craniofacial skeleton. One area in which the importance of 
understanding the biomechanics of the skull is apparent is in the field of skeletal 
implants. A skeletal implant is used in restoring function to a skeletal structure. Thus 
it is subjected to forces generated during functioning of the skull and by knowing the 
pathways and mechanisms utilised to handle such forces a clear picture can be drawn 
regarding the optimal design of the implant, the quality of bone adjacent to the 
implant, and optimal placement of the implant. 
The outcomes of the current lack of understanding of the biomechanics of the skull 
can be seen from a survey on implant failures in UK centres, carried out by Tinsley et 
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al. (1999). It was reported that a mean failure rate of 16% is assigned to maxilla 
implants. It was also concluded from the survey that the causes of failure were unclear 
and that the long term success of attempts to treat failing implants was uncertain. In 
general it could be said that implant planning is based on a trial and error approach 
and animal experimentation. These two approaches are time consuming, inaccurate, 
costly, and the long term stability of the implants cannot be assured. 
Another avenue, where the importance of understanding the biomechanics of the 
craniofacial skeleton is apparent, is when devising treatment for a diseased 
temporomandibular. joint (which is the joint at the location where the mandibular 
condyles articulate with the temporal bone of the skull). Treatment of this joint is 
largely based on trial and error approach. A study done by Jankelson (1991) reported 
the following regarding TMJ disorders: "The reality is that about 98% of the 
manifestations of pain and dysfunction in the joint have their pathogenesis in postural 
distortions, muscle over accommodations and muscle hypertonicity". Understanding 
the biomechanics of the craniofacial skeleton would help in understanding TMJ 
disorders and in devising better treatment procedures and surgical planning. Other 
examples can be seen in skeletal reconstruction after trauma, such that wrong 
decisions made during the reconstruction phase can lead to bone fractures developing 
during normal physiological function. This generates pain and limit the ability to 
function properly. 
Skeletal implants, TMJ disorders, and skeletal reconstruction are just few examples 
out of many which link the understanding of the biomechanics of the craniofacial 
skeleton with better skeletal reconstruction and surgical intervention. The purpose of 
this current study is to produce accurate three-dimensional numerical models for the 
human craniofacial skeleton. These will then be used in investigating the 
biomechanics of the human skull during mastication using finite element analysis. 
1.2 Generation of 3D Numerical Models for The Human Skull 
One of the methods to understand the biomechanics of the human skull is to visualise 
and record stresses and strains generated within the skull during function. However, 
the current level of technology is inadequate to accomplish this task and there are 
ethical considerations when it comes to human testing. An alternative is to use the 
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skulls of primate animals such as monkeys and pigs. Two problems are present in this 
case, the first is ethical and the second is the impracticality of recording a 
comprehensive map of stresses and strains generated during mastication of the animal. 
Thus the question remains as to how to obtain a comprehensive map of stresses and 
strains generated during mastication and, if possible, to examine the changes to this 
map due to variations in input boundary conditions. These boundary conditions could 
include muscle diseases, joint dislocation, and variations in the amplitude and 
orientation of external biting forces. 
Mathematical modelling of the craniofacial skeleton offers the possibility to do this, 
in addition to obtaining a dynamic view of stresses and strains generated during the 
masticatory cycle. Two main types of mathematical modelling are relevant to the 
current study. The first type is analytical in which a closed form solution can be 
obtained for a simple geometry. However, in order to apply this technique to the skull 
a simplistic model for the human skull must be developed. The disadvantage of this 
technique in studying the biomechanics of the skull is that it can't produce a 3D strain 
distribution map, furthermore, the simplification of the geometry necessary to give a 
closed form solution does not correlate well with the structure of the human skull. 
Thus little confidence can be assigned to the results obtained from this technique. 
The other method is numerical and includes finite element analysis (FEA). The basic 
concept of this technique is to divide the geometry to be analysed into sub-domains 
called finite elements such that over these elements approximation displacement 
functions can be derived and used to analyse deformations generated due to the 
application of external forces. The solution of these elements can then be combined to 
give a three-dimensional picture of stresses and strain experienced by the structure. 
Some of the advantages of finite element analysis can be listed as follows: 
- Complex geometrical structures such as that of the human skull can be analysed. 
- Realistic boundary conditions may be applied to the constructed geometry. 
- Full 3D strain distribution can be obtained. 
- The effect of variations in input boundary conditions may be investigated. 
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The steps in performing finite element analysis can be described as: 
1. Pre-processing: This is the first step in which geometric modelling, assigning 
material properties, element selection, and meshing are done. 
2. Solution: In this stage boundary conditions are applied to the constructed 
geometry and computation sequence is initiated. 
3. Post-processing: presentation of the results is done at this stage. 
From the previous discussion it is apparent that FEA can be used to investigate the 
biomechanics of the craniofacial skeleton. It also allows the contribution of muscles 
and external biting forces to deformations generated within the structure to be 
assessed. In the current study three, 3D finite element models for the craniofacial 
skeleton are developed; the first being an engineering model for the human skull, the 
second is an anatomical model for the mandible, and the third is a full anatomical 
model of the human skull. All of these incorporate realistic muscle and external force 
loading as described in the thesis. This approach is believed to be original and 
provides a useful insight into the biomechanics of the skull. 
1.3 The Biomechanics of The Craniofacial Skeleton 
In the literature there is no clear understanding of the biomechanics of the craniofacial 
skeleton. Various researchers have attempted to understand the biomechanics of the 
skull by conducting various in vivo and in vitro experiments (Alexandridis et al., 
1981; Rubin and Lanyon, 1984; Oyen and Tsay, 1991; Hylander and Johns, 1991; 
Oyen et al., 1996; Peck et al., 2000). The following conclusions can be stated 
regarding the biomechanics of the craniofacial skeleton: 
1. No clear guidelines describing the biomechanics of the craniofacial skeleton are 
found in the literature. 
2. Many of the experiments resulted in more questions than answers. 
3. External biting forces generated due to the object being chewed is assumed to be 
the main factor governing the biomechanics of the craniofacial skeleton. However, 
this assumption cannot explain clinical findings and implant failures. 
4. No comprehensive 3D map of strain distribution within the craniofacial skeleton 
is found in the literature. 
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1.4 Thesis Outline 
This thesis describes the development of 3D models for the craniofacial skeleton 
incorporating realistic loading conditions and geometrical modelling. The FE models 
were then used to investigate the biomechanics of the craniofacial skeleton during 
mastication. This thesis is divided into chapters such that chapter two presents a 
literature review, which includes an overview of previous in vivo and in vitro 
experiments conducted to study the biomechanics of the craniofacial skeleton and also 
various studies utilising mathematical modelling to study the human skull. 
The need for computer models of the craniofacial skeleton which can be used to 
investigate the biomechanics of the skull is apparent from the literature review 
presented in chapter two. The first step taken to accomplish this task is the 
development of a simplified "engineering" model for the human craniofacial skeleton 
presented in chapter three. This includes aspects such as geometrical modelling, 
material properties, element selection, loading of the model, description and 
discussion of the results. The engineering model of the skull is based on the basic 
premise that the skull from a structural point of view can be represented by the main 
pillars and supports that handle biophysical forces generated during mastication. To 
obtain a more detailed insight into the biomechanics of the skull it is necessary to 
model the anatomically correct geometry of the skull. It has been decided to start with 
a model for the human mandible, where chapter four describes the generation of the 
model. Two of the main differences between the mandible and skull engineering 
models are firstly the modelling of the anatomical geometry of the mandible and 
secondly the ability to apply masticatory muscles forces at anatomically correct 
locations on the mandible model. The next anatomical model comprises the entire 
craniofacial skeleton, which is presented in chapter five. In the skull anatomical 
model anatomically correct geometry is coupled with the integration of masticatory 
muscles forces applied at anatomically correct locations. 
Results obtained from the FE models developed in the current study highlight various 
aspects of the biomechanics of the skull. Some observations on the biomechanics of 
the skull are presented in chapter six. Conclusions of the current study with 
suggestions for future work are presented in chapter seven. 
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Chapter Two 
Literature Survey 
2.1 Introduction 
This literature review is presented in three parts. In the first part an overview of the 
structure and function of the human skull is presented which includes an overview of 
the anatomy of the human skull in addition to the terminology used in describing 
various bony regions of the human craniofacial skeleton. Part two presents various in 
vivo and in vitro experiments conducted in order to understand the biomechanics of 
the craniofacial skeleton. Part three deals with modelling of the craniofacial skeleton 
that attempts to represent the "real" system to a sufficient degree of accuracy such that 
the results obtained from such models may reasonably be applied to the real structure. 
2.2 Overview of the Structure and Function of the Human 
Skull 
The human skull is a diverse structure in the functions it performs, and one of its 
structural responsibilities is to handle loads generated during mastication. The human 
skull is composed of two sets of bones: cranial and facial bones, thus the term 
craniofacial skeleton is used to refer to the human skull. The anatomy of the skull has 
been comprehensively detailed, however, the mechanisms utilised in the interaction 
and functioning of different bones in the skull to handle masticatory loads are not well 
understood and some unanswered but fundamental questions remain regarding the 
biomechanics of the skull. The relevance of the biomechanics of the skull is that the 
mechanisms utilised in the skull to handle loads may affect the success of skeletal 
reconstruction, implant technology, etc. 
2.2.1 Anatomy of the Human Skull 
This section describes the anatomy of the human skull and the relationship between 
different bony structures in the skull. Figures 2.1 and 2.2 illustrate cranial and facial 
bones that comprise the human skull and table 2.1 lists anatomical terms used in their 
description. 
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Figure 2.1: Anterior view of human skull (Tortora and Grabowski, 1996). 
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Figure 2.2: Lateral view of human skull (Tortora and Grabowski, 1996). 
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Table 2.1: Description of anatomical terms used for the human skull. 
Alveolar bone 
I 
The bone that forms and supports the tooth socket. 
Anterior Nearer to the front of the body. 
Condyloid joint A synovial joint structured such that an oval-shaped condyle 
of one bone fits into an elliptical cavity of another bone. 
Cranium Part of the skeleton of the skull, which includes the frontal, 
parietal, temporal, occipital, sphenoid, and ethmoid bones. 
Distal Farther from the attachment of a limb to the trunk. 
Foramen Magnum The large opening in the basal part of the occipital bone 
through which the spinal cord becomes continuous with 
medulla oblagata. 
Inferior Away from the head or toward the lower part of the 
structure. 
Lateral Farther from the midline of the body. 
Mandible A U-shaped bone, forming the lower jaw articulating by its 
upturned extremities with the temporal bone on either side. 
Maxilla An irregular shaped bone, supporting the superior teeth and 
taking part in the formation of the orbita and nasal cavity. 
Molar Multi-cuspid or cheek tooth. 
Medial Nearer to the midline of the body. 
Nasozygomatic Relating to the nasal and zygomatic bones. 
Occlusal plane A plane formed by the contact surface of upper and lower 
teeth. 
Occlusion 1. The act of closure or state of being closed. 
2. Any contact between the incising or masticatory surfaces 
of the upper and lower teeth. 
Orbit The bony, pyramidal-shaped cavity that holds the eyeball. 
Palatine bone The roof of the mouth, a concave elliptical bony palate. 
Posterior Nearer to the back of the body. 
Sagittal plane A vertical plane that divides the body into left and right 
portions. 
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Sinus A hollow cavity in a bone or other tissue. 
Skull The skeleton of the head consisting of cranial and facial 
bones. 
Sphenoid-maxillary Relating to the sphenoid bone and the maxilla. 
Superior Toward the head or upper part of a structure. 
Suture A joint between bones of the skull, this type of joints are 
composed of adjacent edges of bone in addition to the 
collagenous connective tissue, which links them together. 
Temporal bone A large irregular bone situated in the base and side of the 
skull; it consists of three parts, sequamus, tympanic, and 
petrous. 
Zygomatic bone A quadrilateral bone which forms the prominence of the 
cheek; it articulates with frontal, sphenoid, temporal, and 
maxillary bone. 
Zygomaticomaxillary Relating to the zygomatic bone and the maxilla. 
2.3 Overview of in vivo and in vitro Experiments 
Understanding the mechanisms involved in handling biophysical forces generated 
during mastication in the human skull (i. e. the biomechanics of the skull) is of 
paramount importance when it comes to successful restoration of function, surgical 
techniques, skeletal reconstruction, and in devising optimal specification for implants. 
One source of data that can be used in studying the biomechanics of the craniofacial 
skeleton and in validating numerical models for the craniofacial skeleton comes from 
in vivo strain gauge experiments. However, due to ethical and technical considerations 
performing in vivo experiments on human subjects is not possible and one alternative 
is to do these experiments on primate skulls. 
Many researchers have attempted to study certain aspects of the biomechanics of the 
human skull utilising animal models. Oyen et al. (1996) evaluated the biomechanical 
consequences of physiological forces acting on the frontozygomatic region as shown 
in figure 2.3, with the aim of using the obtained data to define appropriate fixation 
techniques and improving surgical management of the complex anatomical region of 
the zygomatic bone. Strain gauges were bonded to the cortical surface of frontal 
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process of the zygoma on the working and non-working sides (i. e. Ip and Cn) in 
thirteen Cercopithecus africanus (African monkeys) in vivo. Bite forces were 
measured using a force transducer placed between the teeth while simultaneously 
strain was recorded at the zygomatic bone as shown in figure 2.3 [Strain gauge 
recording sites are (G-1 and G-2)]. 
Mme- 1 
ice- 2 
In 
Figure 2.3: Strain gauges (G1 and G2) used in the experiment where ipsilateral(Ip) is the working side 
and contralateral(Cn) is the non-working side (Oyen et al., 1996) 
One of the main and apparently confusing results of this study was that contralateral 
side (i. e. side not experiencing bite forces, only muscle forces) strains were twice as 
large as working side strains (i. e. side experiencing muscles and bite forces) during 
mastication as shown in figure 2.4. 
160 
140 
120 
Working Side Strain 
100 +- 
0 80 Non-Working Side 
60 Strain 
40 --- 
20 -- 
0 
1234 
Increasing food hardness 
Figure 2.4: Results obtained from strain gauge analysis of frontozygomatic region of the zygomatic 
complex (Oyen et al., 1996). 
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It was concluded by Oyen et al. (1996) that there is a mistake and incomplete 
understanding of the biomechanics of the craniofacial region and that there is a need 
to re-evaluate the thinking regarding the biomechanical factors affecting skeletal 
growth, maintenance, and repair. 
Hylander and Johns (1991) attempted to test various masticatory stress hypotheses 
regarding the functionally well-developed browridges of higher primates. The study 
was conducted by measuring and analysing patterns of in vivo bone strains recorded 
from three element rosette strain gauges bounded to the supraorbital region and other 
parts of the craniofacial skeleton of Macaca fascicularis and papio anubis during 
mastication and incision. Most importantly, is that the data indicates that the 
supraorbital region is strained very little during mastication, while as, strain 
measurements showed that facial bones are strained much more than cranial bones as 
it is evident in the results shown in figure 2.5. 
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Figure 2.5: Plot of principal strains recorded from dorsal interorbital (cranial bone) and zygomatic 
arch region (facial bone) during mastication (Hylander and Johns, 1991). 
A study, the results of which could be used in global validation of the results obtained 
from numerical models of the craniofacial skeleton, is the study by Rubin C. and 
Lanyon L. (1984), which investigated bone strains recorded from different in vivo 
animal models and related these strains to body size and forces. Bone strains were 
recorded using strain gauges attached to various animals (turkey, dog, horse, buffalo, 
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goose, fish, and monkeys) and comparison was made using animals' body weight and 
locomotory function. Table 2.2 summarises the findings from the comparison of 
different parameters for different animals. 
Table 2.2: Results obtained from (Rubin C. and Lanyon L., 1984) study. 
iý Factýjir *f 
Horse radius Trotting -2800 2.4 5.6 3570 
Horse tibia Galloping -3200 2.1 4.9 3570 
Horse 
metacarpus 
Accelerating -3000 2.3 5.2 3570 
Dog Radius Trotting -2600 2.6 6.1 1020 
Dog tibia Galloping -2100 3.2 7.4 1020 
Goose 
humerus 
Flying -2800 2.4 5.6 
Sheep femur Trotting -2200 3.1 7.1 
Sheep 
humerus 
Trotting -2200 3.1 7.1 
Sheep radius Galloping -2300 3.0 6.8 
Fish hypural Swimming -3200 2.1 4.9 
Macaca 
mandible 
Biting -2200 3.1 7.1 
Turkey tibia Running -2350 2.9 6.7 490 
Elephant 2000-3000 19600 
Buffalo 2000-3000 14700 
Peak strains were found to be in the range of 2000-3000 microstrains, this uniformity 
in peak strain range that is independent of body size or locomotory function, suggests 
a basic adaptive mechanism to be found for all species regarding bone adaptation. It 
appears that, regardless of animal size or locomotory style, peak strains in the bones 
of these animals are remarkably similar throughout the range of animals taking into 
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account that some animals in the study are 350 times different in mass than the others, 
even so they have similar factors of bone strains. 
The importance of Rubin C. and Lanyon L. (1984) results is that they give an upper 
bound (i. e. 2000-3000 microstrains) on strains expected to be found in skeletal 
structures during functional activity, which provides a valuable resource for globally 
validating numerical models developed for skeletal structures. 
Endo (1966) presented an analysis of strains generated in vitro within the human skull 
due to the interaction of masticatory forces (i. e. muscles and bite forces) by means of 
strain sensitive lacquer. The technique of using strain sensitive lacquer is useful in 
giving an idea of the orientation and relative magnitude of principal strains in the 
intact craniofacial skeleton. The materials used consist of three macerated skulls of 
Japanese adult male excluding the mandible. The apparatus used to produce 
conditions approximately similar with that of actual biting action, the forces consisted 
of those corresponding to tension produced from temporalis and masseter muscles 
while applying equivalent biting forces on upper jaw. It is worth mentioning that 
including the masseter and temporalis muscles only and excluding the other 
masticatory muscles would limit the amount of information that can be extracted from 
the results of the model. A strain sensitive lacquer was used to reveal the orientation 
and relative magnitudes of principal strains under the condition of the reproduced 
masticatory action. Figure 2.6 shows patterns of crack in the craniofacial skeleton. As 
seen in the figure relative magnitude of strains could be observed from the intensity of 
cracks in different regions of the skeleton. The following observation can be stated 
from the results of Endo (1966), as shown in region (1) [Arrow 1, figure 2.6] (i. e. the 
side experiencing muscle forces only) relatively large strain amplitudes exist as 
indicated to by the intensity of cracks in the lacquer, comparing this region with 
region (2) [Arrow 2, figure 2.6] (i. e. the side experiencing both muscle and bite 
forces) it can, be seen that strain amplitudes are substantially reduced indicated to by 
the large reduction in the intensity of cracks within the lacquer. 
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Furthermore, it was concluded that the orientation of the axes of principle strains were 
consistent with those obtained from experiments done using wire strain gauges. It is 
worth noticing at this stage that observations made from the results of Endo (1966) 
study are similar to those obtained from Oyen et al. (1996). Such that strains on the 
non-working side are higher than those on the working side, which highlights the fact 
that this finding is not a mistake due to errors in experimental set-up since it has been 
observed by two independent researchers. Others have also observed this 
phenomenon and some of these researchers refer to this observation as an unexplained 
phenomenon in the biomechanics of the craniofacial skeleton. 
Photo-elasticity is another technique that has been utilised to study the biomechanics 
of the human skull. Alexandridis et al. (1981) constructed a three-dimensional 
photoelastic model of the human skull. The aim was to determine strain trajectories 
and amplitudes for two loading cases: 
Load case (1): Bilateral loading of masseter and temporalis muscles. 
Load case (2): Bilateral loading of masseter and temporalis muscles together with 
a bilateral occlusal load (i. e. external biting force). 
Utilising various brie fringing materials to simulate teeth, bone, and the periodontal 
ligament, a three dimensional model was reproduced from a human skull. In which 
the teeth were reproduced from an ivory-epoxy material; a soft rubbery urethane- 
based material was used to simulate the periodontal membrane. All components used 
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Figure 2.6: Patterns of traced cracks on the strain-sensitive lacquer (Endo, 1966). 
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in the skull model are brie fringed plastics capable of "strain freezing", such that if 
the skull is loaded at a critical temperature and then cooled induced stress patterns 
will remain within the model even after removal of the load at room temperature. 
A hinged aluminium rod was used to support the model through the foramen 
magnum. The masseter and temporalis muscles were simulated with leather straps 
attached to appropriate parts of the zygomatic arch and corresponding bony regions 
bilaterally using composite orthodontic adhesive, strain trajectories were observed and 
photographed in a circular polariscope. 
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Figure 2.7: Lateral view of birefringent replica of human skull with leather simulates of masseter and 
temporalis fascia. (Alexandridis et al., 1981) 
Two loading conditions were employed on the model, shown in figure 2.7: 
1- Bilateral loading without occlusal loads which resulted in strains mainly 
distributed in the zygomatic arch following a path along the maxilla and 
zygomatic bone from a medial to lateral perspective, and a path along the 
temporal and zygomatic bone looking from a posterior view of the zygomatic arch 
suture. 
2- Bilateral loading with occlusal loads. The skull under this loading condition 
exhibited symmetrical isochromatic fringe pattern that followed a longitudinal 
alveolar direction in a vertical alveolo-maxillo-zygomatic direction. 
Figures 2.8 and 2.9 show a comparison between muscle loading only and the 
simultaneous application of muscles and occlusal loads. 
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Figure 2.8: Strain intensity in the zygomatic arch (a) Without occlusal loads (b) With occlusal loads 
[ZTS= zygomaticotemporal suture; ZB= zygomatic bone; TB= temporal bone] 
(Alexandridis et al., 1981) 
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Figure 2.9: Strain intensity in the frontozygomatic suture (a) Without occlusal loads (b) With occlusal 
loads [FB= Frontal Bone; FZS = Frontozygomatic suture; ZB= zygomatic bone] 
(Alexandridis et al., 1981) 
Major strain trajectories were found in the alveolo-maxillary-zygomatic-temporal 
regions with highly concentrated strains in the zygomatic process of the temporal 
bone. Generally, strains were concentrated in those areas of bone where architectural 
reinforcement had been demonstrated by other methods. A very interesting set of 
results were obtained from this study in which the authors did not mention or hint to, 
which is that stress intensity in the photoelastic model is reduced upon the application 
of occlusal loads (i. e. biting forces), this observation can be seen at the 
frontozygomatic suture, where stresses adjacent to the suture have lower intensity 
during bilateral loading with occlusal forces than without occlusal loads as seen in 
figures 2.8 and 2.9. Photoelastic techniques are useful in obtaining a qualitative map 
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of stress intensity within the model. However, the technique includes many 
simplifying assumptions such as, homogenous material properties, mechanical 
properties of the materials used to represent various structures within the skull do not 
correlate very well with the mechanical properties of bone, teeth, periodontal 
ligament, etc. 
Split-line technique is used to study the orientation of bone osteons (the main load 
handling components in bone). The significance of determining the orientation of 
bone osteons is that it gives an indication to the location of the bony regions mainly 
responsible for handling of forces generated during mastication such that it is 
reasonable to assume that stresses will follow these trajectories. Preparation for this 
technique is done by decalcification the compact bone of the skull in weak acid (10% 
HCL) sufficiently to allow easy penetration of the surface by sharpened teasing 
needle, then India ink is introduced into these splits to clarify their direction. 
It has been shown histologically by Tappen (1953) that these splits correspond to the 
orientation of the majority of Haversian systems, thus the split-line technique samples 
the minute organisation of compact bone. Tappen (1953) conducted split-lines studies 
on human skull. Figure 2.10 shows split-lines for the human skull. Some observations 
from the figure could be made such that immediately above the tooth row in the 
maxilla bone split-lines run parallel to the inferior border of the alveolar process. 
Orientations of split-lines along the zygomatic and nasal bones can be seen in figure 
2.10. The importance of this study will be discussed in chapters five and six. 
Figure 2.10: Split-lines of face and brow region of human male. (Tappen, 1953) 
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Oyen and Tsay (1991) conducted in vivo measurements of bite force and bone strains 
obtained in growing African green monkeys, strain values and distributional patterns 
seen in association with forceful jaw elevation were inconsistent with most 
conventional explanations for the biomechanics of the craniofacial skeleton. 
Furthermore, the study suggested that re-evaluation of conventional ideas about the 
generation and dissipation of forces generated during contraction of jaw elevator 
muscles seems necessary. 
2.4 Overview of Craniofacial Skeleton Modelling 
The ability to conduct in vivo and in vitro experiments to study the biomechanics of 
the human skull is extremely limited; this is partly due to ethical considerations, 
technical difficulties, and the inability to visualise stresses and strains in an in vivo 
environment due to current technologies. In summary physical models have 
advantages such as, anatomically correct geometry, realistic material properties in 
most instances and disadvantages like that localised strains only could be obtained 
from such models. An alternative is to use computer modelling, which involves 
producing a computer model for the skeletal structure under investigation then 
applying boundary conditions similar to those experienced in vivo during loading of 
the bony structure and then analysing deformations and stresses generated in the 
model. 
One main requirement in numerical models is that they should adequately represent 
the skeletal structure such that results obtained from such models reflect the structural 
response of the modelled skeletal structure. The importance of computer modelling 
can be seen in several aspects. One lays in computer assisted surgical planning and 
simulation, in which successful execution of a surgical operation and skeletal 
reconstruction necessitates knowledge of relevant anatomy, physiology, pathology, 
and the biomechanics of the skeletal structure. Treatment planning for complex 
craniofacial operations was initially based upon maxillofacial trauma experience and 
study of museum skulls with anomalies. New techniques and developments in 
computer assisted medical imaging such as computer tomography (CT) and magnetic 
resonance imaging (MRI) have made available specific craniofacial anatomy of 
affected individuals. 
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Data acquired from patient CT or MR scans could be reconstructed into a three- 
dimensional surface or volume (Lo et al., 1994), which facilitate quantitative 
preoperative surgical planning. However, preoperative planning for craniofacial 
surgery must include both functional and aesthetic aspects, the functional part requires 
knowledge of the biomechanics of the skull which can lead in turn to long term 
success of the whole process of skeletal reconstruction. 
Luka et al. (1995) discussed various applications of CT reconstruction for the facial 
skeleton based on experience in 3D reconstruction from CT scans. It was concluded 
that, because of the long processing time, 3D reconstructions are reserved for 
planning surgical repair of craniofacial malformations and dental CT scans, with 
calculations of panoramic images, provide information prior to dental implant surgery 
and repair of alveolar clefts. Furthermore, an important aspect when discussing 3D 
reconstruction from CT scans (Luka et al., 1995) has to do with the spacing between 
the CT scans. Figure 2.11 shows the quality of reconstruction when the interval 
between the slices is increased from 1 to 4 mm, such that the quality is reduced as the 
interval between the scans increases. This can be seen by the gaps within the bony 
features in figure 2.11. 
I Igm e 2.11: 1 lie quality of secondary ICC0I15LIuc(loli 01 , 1mal LI Jala depends on the recollýlfuLIIUIu 
interval. (A) reconstruction interval 1 mm. (B) 2 mm, (C) 3 mm, and (D) 4 mm (Luka et al., 1995). 
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The main technique used to investigate numerically the biomechanics of the 
craniofacial skeleton is finite element method, in which the geometry of the skull is 
reconstructed and then divided into sub-domains called finite elements for which 
deformation and stress values can be calculated. When the solution of all these 
elements is put together the overall picture of deformations and stresses within the 
skull can be seen. 
An area in which finite element models of the human head are developed is human 
head injury. In this field finite element analysis is used as an important tool in 
describing injury biomechanics of the human head, the methodology used in 
constructing head models in this field could be extended to the field of craniofacial 
biomechanics and thus the interest in the studies of this field. Various assumptions 
and simplifications are made in model development, which pose a constraint on the 
robustness of predictions that can be drawn from the models. For example Hardy and 
Marcal (1973) assumed a linear elastic; empty human skull with actual geometry and 
applied loading was frontal and side compression. It was concluded that the skull is 
stronger in frontal than side compression. In a more sophisticated approach Jumaresan 
et al. (1993,1996) constructed a model for the head and neck with the scalp, skull, 
brain, spinal cord, and cervical column. Loading condition was direct impact to the 
frontal, occipital, and side of the skull. It was concluded that portioning membranes of 
the brain and the neck affect the intra-cranial pressure and the maximum shear stress 
of the brain. 
Experimental data suitable for model validation are scarce and hard to obtain, so the 
accuracy of the models may rely mainly on the similarity of their geometric and 
material properties to the real structure. Models that vary in complexity and material 
properties for human head modelling can be seen in (Nickell and Marcal, 1974; 
Kenner and Goldsmith, 1972; Chan, 1974; Khalil et al., 1974; Khalil and Hubbard, 
1977; Shugar et al., 1975; Ward, 1982; Dimasi et al., 1995; Ruan et al., 1994) studies. 
However, these models can't be used in investigating the biomechanics of the skull 
using FEA because they either oversimplify skull's geometry or do not include the 
required information needed to construct a FE model. 
Three dimensional reconstruction of the human craniofacial skeleton from CT scans 
can be done (Nagashima et al., 1998; Grayson et al., 1986). However, producing finite 
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element models from these reconstructions proves to be difficult due to the 
complexity of the geometry of the craniofacial skeleton and most of these models are 
used as a visualisation tool and to plan implant placement in virtual reality 
environment (Seipel et al., 1998). Individual skull model fabrication for craniofacial 
surgery is also possible (Lambrecht and Brix, 1990; Eppley and Sadove, 1998). These 
models would be useful when studying the biomechanics of the skull provided that a 
finite element mesh could be generated from the geometry of the model. Based on 
such models Weingartner et al. (1998) produced a virtual jaw software, which allows 
preoperative planning of craniofacial operations to support physicians and surgeons. 
The model consisted of a kinematic model with defined constraints for the 
articulation, a model for masticatory muscles and a 3D graphical interface. 
Virtual jaw simulation software shown in figure 2.12 can be used to visualise real 
patient data and also pathological data could be integrated and visualised. However, 
these models are difficult to be utilised in finite element analysis and in studying the 
biomechanics of the craniofacial skeleton due to reasons mentioned when discussing 
the reconstruction of the geometry of the human skull from CT scans. 
::: ' r. 'f- ';;;:;:, 
Figure 2.12: Virtual jaw simulation system (Weingartner et al., 1998). 
The second part of this literature survey has to do with boundary conditions, which 
include muscle forces, biting loads, and fixation of the skull. 
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2.4.1 Modelling of Muscle Forces, External Biting Loads, and Fixation of 
the Craniofacial Skeleton 
As mentioned previously in order to establish confidence in the results obtained from 
computer models of the craniofacial skeleton, accurate modelling of boundary 
conditions is needed. 
2.4.1.1 Modelling of Muscular Forces 
One aspect that has special importance in the current study is the modelling of 
muscular forces and how to integrate them in the FE models. One of the earlier 
studies on modelling muscle forces (Pruim et al., 1980) developed a mathematical 
model to calculate muscles and joint forces acting on the human mandible during 
static biting situations based on an assumed linear relationship between forces exerted 
by a muscle and its integrated electromyogram (EMG). The basic assumption in 
(Pruim et al., 1980) model is that maximum force exerted by a muscle (F,,, ) (N) relates 
to an independent variable IF (N/m2), muscle physiological cross sectional area ýºm 
(m2), and muscle EMG by the following relation: 
EMGIm(actual) 
Fm 
EMGI 
x ým 
m(max) 
Where EMGIm is the integrated EMG recording from a muscle, EMGIm(m ý is the 
maximum value of EMGIm of a single muscle ever recorded from an electrode pair 
during a complete experimental session. The independent variable F is taken to be 
equal for all muscles and most researchers adopt a standard value of 40 N/cm2 for this 
parameter, table 2.3 shows a comparison between (Pruim et al., 1980) results and 
other researchers. 
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Large variability in the results obtained by various researchers for muscles maximum 
forces is noticed and this is partly due to the fact that EMG measurements could be 
affected by experimental conditions such as electrode placement, instrumentation, etc. 
Another study that attempted to model forces in the human masticatory system was 
done by Trainor et al. (1995) where numerical models for the human masticatory 
system were constructed using algorithms, which minimise non-linear functions of 
muscle forces or joint loads. 
The approach of approximating muscle forces from EMG data has been under serious 
questioning due to the high variability in the results obtained as seen in table 2.3. 
Another technique that is used to get an estimate for muscle forces, which is adopted 
in the current study can be summarised as follows: 
1. The maximum force that can be generated from a muscle (Fm (N)) can be 
expressed as: 
Fmax = PCS x 40 
N2 
.............. (Peck et al., 2000) 
cm 
Where: 
PCS is the physiological cross sectional area of the muscle in cm2 
2. The above relation implies the need for accurate estimates of the physiological 
cross sectional area of muscles. In order to get convergence on these values 
various studies were investigated (Peck et al., 2000; Weijs and Hillen, 1984; 
Prium et al., 1980; Koolstra et al., 1988; Langenbach and Hannman, 1999), which 
yielded values for muscle cross sectional areas. These values were compared to 
see whether convergence could be obtained. 
Another important aspect when modelling skeletal muscles stems from the fact that 
muscle force output is not constant, it varies according to bite force location and 
magnitude (Pruim et al., 1980), movement constraints (Koolstra and Van Eijden, 
1995), and it varies during opening and closing movements of the mandible during 
mastication (Koolstra and Van Eijden, 1997). A dynamical model for the activation of 
masticatory muscles was developed by Koolstra and Van Eijden (1997), which is 
based on a number of assumptions, such as symmetrical jaw opening and closing 
movements and muscles were assumed to run straight between their origins and 
insertions. 
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It was concluded by Koolstra and Van Eijden (1997) that two factors are needed to 
describe muscle activation sequence during the masticatory cycle, which are: 
- Force-length relationship: which links the instantaneous length of sarcomeres to 
the force generated from the muscle. 
- Force-velocity relationship: a factor describing the instantaneous shortening 
velocity of the sarcomere and its effect on the force generated from a muscle. 
From the above parameters a third parameters could be generated which encompasses 
the combined effect of force-length and force-velocity factors, which is the active 
force factor, mathematically it is the product of the two factors mentioned previously 
(i. e. force-length and force-velocity factors). This factor expresses the dynamic 
modulation of muscle force during the masticatory cycle and it is used in the current 
study to express the change in muscle force as the masticatory cycle progresses. 
2.4.1.2 Modelling of External Biting Forces 
The other boundary condition that needs to be modelled is external biting force, which 
is the force transmitted from the object being chewed to the lower and upper teeth 
during mastication. Korioth et al. (1997) used a miniature load sensor capable of 
measuring all forces and moments simultaneously at a single location in space to 
measure the magnitude and direction of loads that affect dental incisors during 
forceful, static biting. Four subjects were asked to perform controlled and repetitive 
edge-to-edge incisal biting, the results yielded force resultants with a magnitude range 
of 24.5 to 28.4 N and this force was intentionally limited in amplitude to avoid 
damage to the load sensor. The limitation on the maximum amplitude that could be 
obtained from the load cell would result in an unrealistic value for the biting force. In 
all cases the highest force component was oriented upwards (i. e. perpendicular to the 
occlusal plane). An additional simultaneous moment was recorded (range = 8.9 - 17 
N. cm) with a main moment component oriented backwards and downwards towards 
the oral cavity. 
Koolstra et al. (1988) developed a three-dimensional mathematical model for the 
human masticatory system to predict maximum possible bite forces. The model 
predicted that at each specific bite point, bite forces could be generated in a wide 
range of directions and that the magnitude of maximum bite force depends on its 
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direction. Pruim et al. (1980) produced a mathematical model to study bilateral static 
bite force during different bite force levels. It was found from the study that the 
highest bite and muscle forces are exerted most often when biting takes place in the 
region of the first molar. This result correlates with the physiological function of 
mastication in generating maximum forces during molar biting to crush the object 
being chewed. This result is utilised in the application of external biting forces to the 
FE models developed in the current study such that maximum biting forces are 
applied at the molar region of the FE models. 
Tortopidis et al. (1998) investigated the use of acoustic myography (AMG) in 
measuring muscle forces; this technique involves the use of piezoelectric crystal 
microphone to pick up sounds engendered during muscle activation. Measurement of 
bite force was done simultaneously using a force transducer. The results showed that 
maximum bite force between the anterior teeth varied considerably ranging from 274 
to 440 N (mean 339 N, s. d. 60.8), while muscle force correlated with forces measured 
using EMG techniques. 
2.4.1.3 Modelling of Model Fixation 
The third boundary condition that needs to be modelled is fixation (i. e. the location 
where the skull is constrained against translational and rotational movements). For the 
human skull, fixation at the foramen magnum region shown in figure 2.13 where the 
skull contacts the spine is a reasonable assumption (Tanne et al., 1988; Iseri et al., 
1998). 
Figure 2.13: Force direction and boundary conditions imposed on the model (Tanne et al., 1988) 
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2.5 The biomechanics of the craniofacial skeleton 
Koolstra and Van Eijden (1997) studied and analysed unloaded jaw-opening and jaw- 
closing movements in humans using a dynamical 6-degrees of freedom mathematical 
model of the human masticatory system, simulating the morphology, muscle 
architecture, and dynamical muscles properties. Symmetrical jaw opening and closing 
movements were simulated based upon different muscle activation schemes. It was 
found that the balance between swing and slide of the mandibular condyle at the onset 
of jaw-opening movement was predominately dependent on the level of activation of 
the digastric and inferior lateral pterygoid muscles. Koolstra and Van Eijden (1997) 
concluded that average torques generated by jaw-opening and jaw-closing muscles 
with respect to the centre of gravity of the lower jaw can be considered to be 
responsible for joint stabilisation, also the lines of action of jaw opening and closing 
muscles have opposite directions, and this can be considered as the major discriminate 
between a movement in an opening or closing direction. 
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Figure 2.14: Simulated jaw-closing movements at different levels of muscle activation. 
A: Muscle activation = 50 %, time step = 0.05 s 
B: Muscle activation = 1% , time step = 0.025 s 
C: Muscle activation =2%, time step = 0.02 s 
D: Muscle activation =5%, time step = 0.006 s 
(Koolstra and Van Eijden, 1997) 
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The model described in Koolstra and Van Eijden (1997) study yields predictions for 
the movements of the mandible under various loading conditions from masticatory 
muscles shown in figure 2.14. The resulting movements from the model were similar 
to the ones produced during mastication, which strengthens the predictions of 
Koolstra and Van Eijden (1997) models. However, certain geometrical and material 
properties were simplified and the muscles were assumed to act through lines of 
action at concentrated points, these assumptions may result in oversimplifying the 
model and consequently certain deviation from normal mandibular movement was 
reported in the study. 
Another study done by Koolstra and Van Eijden (1995) investigated the complex 
interaction between active muscle forces and passive guiding structures during jaw 
closing movements. A hypothesis which states that muscle forces and movement 
constraints caused by the articular surfaces imply a necessary and sufficient condition 
to generate ordinary jaw closing movements. This hypothesis has been tested by 
biomechanical analysis by the same authors. To investigate qualitatively the 
contributions of different masticatory muscles to jaw closing movement a dynamic six 
degrees of freedom mathematical model of the human masticatory system was 
developed by (Koolstra and Van Eijden, 1995) shown in figures 2.15 and 2.16. 
Figure 2.15: Dynamic model showing articular surfaces of the temporomandibular joint. (Koolstra and 
Van Eijden, 1995) 
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Figure 2.16: Sagittal view (left panel) and frontal view (middle panel) of muscles lines of action used 
in the model (Koolstra and Van Eijden, 1995). 
In simulated symmetrical jaw-closing movements it was found that normally observed 
movement, which includes a swing-slide condylar movement along the articular 
eminence could be generated by various separate pairs of masticatory muscles. 
Results obtained from Koolstra and Van Eijden (1995) study can be explained by 
biomechanical analysis, which includes not only muscle and joint forces but also 
torques generated by these forces. An important conclusion from the study is that the 
relationship between the position of muscle's line' of action and its influence on 
motion characteristics cannot be given, because during movement the orientation of 
this line changes continuously. Thus only a trend can be derived based upon the 
situation at the starting position. This conclusion highlights the importance of 
integrating the change in the orientation of muscles' line of action during the 
masticatory cycle into FE models developed in the current study. 
Peck et al. (2000) investigated the function of the human mandible in relation to 
masticatory muscle tension and morphological restraints within the craniomandibular 
system as shown in figure 2.17. The external force required to reach maximum jaw 
gap was determined in five relaxed participants, and this information was used with 
other musculoskeletal data to construct a dynamic, muscle driven, three-dimensional 
mathematical model for the craniomandibular system. The model was programmed to 
express relations between muscle tension and articular morphology during wide jaw 
opening. 
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Figure 2.17: Anterolateral view of the basic model showing muscle group actuators' line of action. 
Muscle groups: 1-anterior digastric; 2- superficial masseter; 3-medial pterygoid; 4-deep masseter; 5- 
lateral pterygoid; 6-posterior temporalis; 7-middle temporalis; 8- anterior temporalis; 9- direction of 
gravitational field (Peck et at., 2000). 
A downward force of 5N can produce a wide gap in vivo, and when model's passive 
jaw-closing muscle tensions were adjusted to permit this, the jaw's resting posture 
was lower than that normally observed in alert individuals, thus low-level active tone 
was needed in closer muscles to maintain a typical rest position. Compressive 
temporomandibular joint forces were present in all cases. Figure 2.18 shows some of 
the results obtained from peck et al. (2000) study. 
Figure 2.18: Effect of simple and expanded linear jaw-opener muscle activity. Calibration bar, 10 N 
(force vectors) or 12 mm (incisal displacement) (Peck et al., 2000) 
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Jaw opening movements involve complex interaction between passive muscle tension, 
active muscle tension, and craniofacial form such dynamic mathematical modelling 
appears a useful way to investigate the biomechanics of skeletal structures. 
Hart et al. (1992) investigated the distribution of stresses and strains within the human 
mandible in given sets of muscle and biting forces, using a three-dimensional finite 
element model with an inhomogeneous transversely isotropic distribution of bone 
properties of a partially endentulated human mandible. Functional loading included 
muscle loading while maintaining equilibrium; figure 2.19 shows the FE model used 
with applied muscular and bite forces for incisor biting. 
Bite 
force 
ý. 
Figure 2.19: Model with applied muscular and bite forces (Hart et al., 1992). 
Figure 2.20 shows fringe plots of mechanical stress intensity, which shows areas of 
high intensity along the anterior of the rami, at the condyles, and in the 
neighbourhood of force application (bite and muscle forces). 
Figure 2.20: Fringe plot of stress intensity in the model (Hart et al., 1992). 
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Figure 2.21 shows displacement patterns in the model, together with fringe plots are 
used to visualise displacements and stress states in the model. 
Figure 2.21: Displacement patterns in the model (Hart et al., 1992). 
One of the main conclusions from the analysis was that displacements and mechanical 
stress intensity patterns are extremely complex in the mandible and that FEA could be 
used to reveal the distribution and pattern of strains within complex biological 
structures. 
In addition to investigating the biomechanics of the craniofacial skeleton utilising 
computer modelling, theoretical mathematical models are also used to study the skull, 
an example can be seen in (Endo and Adachi, 1988) study. The purpose of the study 
was to investigate quantitatively whether the strength of the facial skeleton wass to 
cope with forces produced from chewing action generating certain stress intensity. 
The materials used were three macerated skulls of adult male. The biomechanical 
study used a two dimensional frame structure representing the frontal view of the 
skull set on the alveolar horizontal plane. The two dimensional model consisted of 
straight beams (members) as shown in figure 2.22, the model was designed to 
estimate the longitudinal axes of varies parts of the facial skeleton with the aid of 
observations of photograph of the original skull. Forces caused by the contraction of 
principle chewing muscles (i. e. the temporalis and masseter muscles) and chewing 
forces acting on the tooth were applied to the model. 
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Figure 2.22: Procedure of designing the two-dimensional frame model for simulating the 
form of human facial skeleton in frontal view (Endo and Adachi, 1988). 
Results showed very strong internal forces in the elements and an extremely strong 
bending moment appeared in the medial part of the infraorbital region. Also it was 
noticed that bending moment among the internal members had far stronger influence 
on the strength of the beam or frame than other internal forces, and that the width of 
the beam element was the most important geometrical factor for its strength to cope 
with bending moments. Results suggested that the law of uniform strength to cope 
with the forces produced by the chewing action could not be applied to the frontal 
bone, it was also concluded that the mechanical role of frontal bone and facial bones 
was clearly different. Results obtained from (Endo and Adachi, 1988) seem to 
indicate that the majority of load handling during mastication is done in the facial 
skeleton. 
In order to apply the correct force output from masticatory muscles to craniofacial 
computer models it is necessary to study muscle mechanics during the masticatory 
cycle. The aim of van Eijden and Koolstra (1998) study was to develop a 
mathematical model for the mylohyoid muscle allowing the analysis of the complex 
mechanics of the muscle during jaw movement as shown in figure 2.23. The 
mathematical model was based on muscle morphology and physiological properties. 
Bending of muscle fibres was integrated into the model by pulleys located along the 
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upper lateral border of the anterior belly of the digastric muscle. In addition, 
dynamical properties of muscle portions (i. e. force-length and force-velocity 
relationships) were related to sarcomere length changes, and also the effective force 
component produced by each portion of mylohyoid muscle in the Sagittal plane was 
calculated. 
MYLOHYOIO MIJhCIE 
C anial view Frontal view 
Figure 2.23: Left: Frontal MR scan of the mylohyoid muscle (myl); geniohyoid muscle (ge); digastric 
muscle (dig). Right: Schematic representation of the mylohyoid muscle. The action lines of muscle 
portions (1, posterior most portion ...... 
4, anterior most portion) 
(Van Eijden and Koolstra, 1998) 
The model provided information on geometrical changes of muscle portions, 
sarcomere length, and effective force component as a function of jaw opening angle. 
It was reported that all muscle portions operate near optimum length regarding to their 
force-length relationship. In all muscle portions effective muscle force was smallest 
(10-20% of maximum isometric force) in the beginning of opening movement and 
increased with jaw opening angle to 60-70% in the posterior most muscle portion. The 
model in Van Eijden and Koolstra (1998) study depended on a large number of 
assumptions, and it was assumed that the hyoid bone was fixed. The results of the 
study showed that the mylohyoid muscle can only contribute to jaw opening 
movement in the first 15°. At angles larger than 20° jaw opener muscles are not able 
to overcome the increasing passive forces of jaw closing muscles. 
Another important aspect to the biomechanics of the craniofacial skeleton is the 
contribution of different masticatory muscles during the masticatory cycle, Koolstra 
and Van Eijden (1996) conducted a study to evaluate the contribution of different 
masticatory muscles and their dynamical properties to the closing movement of the 
jaw. The model consisted of a dynamic six degrees of freedom mathematical model of 
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the human masticatory system and muscles were included as forces acting according 
to their lines of action, the temporomandibular joint was modelled by linear elastic 
surfaces and the geometry of the model was derived from human cadaver. 
Symmetrical jaw closing movements were simulated and it was found that normally 
observed jaw closing movement, which included a swing - slide movement of the 
condyle along the articular eminence could be generated by various separate pairs of 
masticatory muscles. Results of Koolstra and Van Eijden (1996) study are shown in 
figure 2.24. 
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Figure 2.24: Overview of simulated jaw closing movements for different muscles (Koolstra and Van 
Eijden, 1996). 
An important conclusion from Koolstra and Van Eijden (1996) study is that force- 
length relationship of muscle fibres, which also introduced a limit for protrusive 
excursions of the lower jaw, turned out to play a predominant role in the 
biomechanics of the craniofacial skeleton in modulating the output from masticatory 
muscles to accomplish masticatory function. 
Another important aspect to take into account when modelling the craniofacial 
skeleton is the temporomandibular joint, which is the joint between lower jawbone 
(mandible) and the proximal portion of temporal bone. Direct measurement of 
temporomandibular joint loading in humans is extremely difficult (May et al., 2001). 
An alternative is to use animal models, however, evidence suggests that primates are 
not the most accurate human analogues for temporomandibular joint studies. Thus 
mathematical modelling of the joint is an alternative for direct measurements and this 
is reflected in attempts made to understand the biomechanics of this joint (Barbenel, 
1972; Tanaka et al., 2000; May et al., 2001). Accurately modelling the TMJ when 
34 
Chapter Two / Literature Survey 
studying the biomechanics of the skull is required to ascertain stresses and strains 
going through the joint during the masticatory cycle. In Beek et al. (2000) study a 
three-dimensional finite element model of the articular disc of human 
temporomandibular joint was developed; the geometry of the articular cartilage was 
measured using a magnetic tracking device. The geometry of the joint was 
reconstructed as follows: 
1. Polynomial functions were fitted through the coordinates of scattered 
measurements of the TMJ region. 
2. The next step involved transformation of the polynomial into a triangulated 
description to allow automatic meshing. 
3. The last step involved producing a finite element mesh of the articular disc by 
filling the geometry with tetrahedral elements. 
Articulating surfaces of the mandible and skull were modelled by quadrilateral 
patches then the finite element mesh and the patches were combined to create a three- 
dimensional model shown in figure 2.25. Unrestricted sliding of the disc between the 
articulating surfaces was allowed. Material behaviour of the articular disc was 
assumed to be linearly elastic and values for the elastic modulus and Poisson's ratio 
were 6 MPa and 0.4, respectively. During the simulations the articular surface of the 
skull was fixed. 
Figure 2.25: Three-dimensional lateral view of FE model of the right human temporomandibular joint. 
(Beek et al., 2000) 
In order to calculate stresses and strains going through the joint, simulation of static 
joint loading at closed jaw position was done. Results showed that stress and strain 
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distribution was located primarily in the intermediate zone of the articular disc with 
the highest values in the lateral part as shown in figure 2.26. The approach taken in 
(Beek et al., 2000) study to produce the geometry of the TMJ region is similar to the 
one done in the current study in reconstructing the articulating surfaces of the TMJ in 
the FE models where splines are used to define the contours of the articulating 
surfaces. Such that these splines are polynomial functions defined along selected 
points along the contours of the reconstructed surfaces. 
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Figure 2.26: Distribution of von Mises stress after nine increments of joint loading in frontal and 
inferior view of the disc. (Beek et at., 2000) 
It has been postulated that relatively large variations in the direction of joint loading 
had little influence on the distribution of deformations experienced by the joint. 
Minagi et al. (2000) studied the relationship between morphological properties of the 
temporomandibular joint and mathematically predicted force distribution in the TMJ, 
such that standardised images of the TMJ were taken with computed tomography 
(CT) using a mandibular positioner. It was suggested that the distribution of 
mechanical loading on the TMJ in the eccentric mandibular position would be highly 
affected by the comparative ratio of joint space. 
In the study by May et al. (2001) a mathematical model of the TMJ was developed to 
study the magnitude and direction of compressive loading experienced at the TMJ 
during clenching. The model was based on the principles of static equilibrium in three 
dimensions, four masticatory muscles were included in the model. The maximum bite 
force for normal males was 300 N (SD 102 N) and the calculated joint force for 
normal males was 260 N (SD 84.1 N) as shown in figure 2.27. 
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Figure 2.27: Left Schematic of TMJ free body diagram including coordinate axes. JF=joint forces, 
BF=bite force, TE=temporalis force, MA=masseter force, MP=medial pterygoid force, LP=lateral 
pterygoid force. Right: Comparison of joint force magnitude on left and right condyles. 
(May et al., 2001) 
2.5.1 The Biomechanics of the Crania facial Skeleton and Bony Implants 
One of the applications of computer models for the craniofacial skeleton can be seen 
when studying the effect implants has on the biomechanics of the craniofacial 
skeleton. Predicting the response of a skeletal structure prior to surgical intervention 
has many advantages such as it helps to guide optimal alignment, location, shape, and 
stiffness of implants. 
Loading conditions imposed on implants can be investigated using FEA, Meijer et al. 
(1992; 1993; 1994; 1996) studied loading conditions and location of dental implants 
in an edentulous human mandible on stresses experienced by the implant and bone. It 
was found that most extreme stresses in bone were always located around the neck of 
the implant. Meijer et al. (1993) studied stress distribution in an edentulous mandible 
provided with two implants in the interforaminal region by means of three different 
finite element models. The first model was a three-dimensional representation of the 
entire mandible, the second model of the interforaminal region of this same mandible, 
whilst the third model was for a two-dimensional representation of the interforaminal 
region. It was concluded that for such parametric studies of stress distribution around 
dental implants a three-dimensional finite element model of only the interforaminal 
region of an edentulous mandible can be used, thus taking advantage of reduced 
modelling and calculation time. 
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In another study Meijer et al. (1994) investigated the effect of two versus four 
implants and also the height of the implant in an edentulous mandible on stress 
distribution around the implants. It was concluded that there was no reduction of 
extreme principle stresses when the load was distributed over an increasing number of 
implants and that there was a tendency for gradual stress increase as mandibular 
height decreased However, it has to be made very clear that no muscular forces were 
included in Meijer et al. (1993) model, only external biting forces were included. This 
has serious implications on the robustness and confidence of the results obtained from 
such studies. Thus the conclusion that FE models limited to specific bony regions 
could reflect the biomechanics around dental implants is seriously questioned. 
Wang et al. (1998) constructed a two-dimensional finite element model to study stress 
distribution around dental implants in addition to different designs of implant 
abutments intended to alleviate the stress from mastication. It was found that most 
distal terminal abutment of a cantilever design experienced high stress concentration 
and that stress reduction occurred with a splinting of three abutments. This highlights 
the potential of using such models to investigate implant design and placement prior 
to surgery. Dental bridges supported by osseointegrated implants are commonly used 
to treat partially or completely edentulous jaw; the design of such implants could be 
investigated using such numerical models and techniques. 
Pietrabissa et al. (2000) constructed a three-dimensional finite element model of the 
bridge and of the bridge anchored to the bone by implants and investigated the effect 
of dental bridge misfits. The results showed that the method might help to estimate 
stress distribution in the bridge and bone as a consequence of different dental bridge 
misfits. 
2.6 Studies done on other Skeletal Structures 
During the development of the FE models in the current study the importance of the 
inclusion of skeletal muscles in the modelling work became more evident. Thus it was 
decided to investigate the effect of the inclusion of skeletal muscles on the 
biomechanics of skeletal structures other than the craniofacial skeleton in particular 
the human femur. 
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A study done by Taylor et al. (1996) investigated whether stress and strain 
distribution within the intact femur is compression or bending. This study is of special 
interest in the sense that it is widely accepted that stress state in the intact femur 
during normal loading is bending. However, Taylor et al. (1996) showed that it is 
predominantly compression. The study consisted of two parts, in the first part a finite 
element model for the femur is loaded with external forces (i. e. joint reaction force) 
and muscular loading. The model is utilized to ascertain whether compression or 
bending dominates. Various loading cases were considered where in the first load 
case only the joint reaction force is applied, the second has joint reaction force and 
abductor muscles, the third included more skeletal muscles, and the fourth included 
the maximum number of muscles in addition to the joint reaction force as shown in 
figure 2.28. 
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Figure 2.28: (a) Finite element model of intact femur. (b) Forces applied on femur finite element 
model. (Taylor et al., 1996) 
Results obtained from the first part of Taylor et al. (1996) showed that with the 
inclusion of more skeletal muscles the stress state within the femur changed from 
bending to predominately compression. It was concluded that compression is 
dominant within the femur and this stress state correlated with bone morphology. 
Figure 2.29 shows the axial stress distribution through a transverse section mid-way 
along the femur. It can be seen that, with no muscular forces, bending dominates, 
while, with the inclusion of muscular forces, compression is dominant. 
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Figure 2.29: The axial stress distribution through a transverse section mid-way along the femur for (a) 
load case 1 (joint reaction force only) and (b) load case 4 (joint reaction force and muscular forces). 
(Taylor et al., 1996) 
In the second part of the study x-rays were taken for volunteers who were asked to 
stand on one leg. An x-ray was taken for the "unloaded" femur and the other for the 
"loaded" femur. The basic premise is that if bending dominates then large deflections 
and displacements are expected to occur near the diaphysis of the femur. However, 
the radiological study showed that the average medial deflection of the femoral head 
was 1.25 mm and the average vertical deflection was 1.5 mm (the datum was taken 
for all measurements at a transverse plane at the distal end of the femur and a coronal 
plane going through the centre line of the femur), which strongly indicates that the 
femur is loaded primarily in compression. 
In another study Simoes et al. (2000) investigated the interaction between external 
forces and muscular forces. Where a synthetic femur has been constructed and 20 
uniaxial strain gauges were attached to it to study the strain distribution. Muscles are 
simulated with cables attached at muscular attachment regions as shown in figure 
2.30. 
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Figure 2.30: (a) Composite femur bone model prepared with 20 uniaxial strain gauges. (b) Plates and 
cables attached to the femur head for muscle force application. (Simoes et al., 2000) 
Three loading cases were simulated. The first was the application of joint reaction 
force only, the second was by the application of joint reaction forces and abductor 
muscles, and the third was the simultaneous application of joint reaction forces, 
abductor muscles, iliopsoas, and vastus lateralis. The results from these loading cases 
are shown in figure 2.31. 
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Figure 2.31: Strain distributions within the medial, lateral, anterior, and posterior aspects of the femur. 
(Simoes et al., 2000) 
An interesting result obtained from (Simoes et al., 2000) study is that upon the 
inclusion of more and more muscles (by activating the cables representing these extra 
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muscles) strain levels were reduced in the femur. The relevance of the outcomes of 
the two studies discussed in this section to the work done in the current study will be 
discussed in chapter six of this thesis. 
2.7 Conclusions 
The following conclusions can be stated from the literature review presented in this 
chapter: 
- There are no clear guidelines describing the biomechanics of the craniofacial 
skeleton and some of the results obtained from various in vivo and in vitro 
experiments are counterintuitive. 
- The lack of guidelines for the biomechanics of the craniofacial skeleton poses a 
serious problem and it's an obstacle for better surgical intervention, implant 
placement, prediction of short and long term stability of implants, skeletal 
reconstruction, etc. Thus this lack of understanding cannot be overlooked and 
cannot be categorised as a minor gap in knowledge. 
- Some of the FE models developed for the craniofacial skeleton concentrate on 
external biting forces and ignore completely muscular forces, which may result in 
incomplete evaluation of the biomechanics of the craniofacial skeleton. 
- Current technologies do not allow visualisation of stresses and strains generated 
within the craniofacial skeleton in vivo and in real time; an alternative is to 
produce accurate finite element models for the skull and integrate boundary 
conditions that are experienced during mastication into these computer models. 
This would enable quantitative and qualitative assessment of stresses and strains 
generated during mastication. 
- Oversimplification of boundary conditions is unacceptable for in depth 
investigation of the biomechanics of the craniofacial skeleton. 
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Chapter Three 
Engineering Model of the Human Craniofacial 
Skeleton 
3.1 Introduction 
Skeletal structures in the human body are diverse systems in the functions they 
perform. This study focuses on structural response of the craniofacial skeleton in 
withstanding and distributing loads generated during physiological activity. 
The human skull consists of two sets of bones: cranial and facial. The anatomy of the 
skull is well understood. However, how bones in the craniofacial structure interact 
and function together is not well understood and fundamental unanswered questions 
regarding the biomechanics of the skull remain. Studying the biomechanics of the 
skull is approached in this study by producing computer models using finite element 
analysis. This can be loaded with forces similar to those experienced during 
mastication. Then the stresses and strains generated by certain loading cases can be 
studied. This will give an insight into the biomechanics of the structure during 
function. 
Development of the geometry and structural features of the model analysed in this 
chapter were created in my masters degree (Ghazzawi, 1999), the model consists of 
plates and beams believed to represent the main links and supports that handle forces 
generated during mastication. Steps taken in generating and investigating the 
engineering model of the human skull are as follow: 
1. Generation of the geometry of the engineering model. 
2. Assigning material properties to the model. 
3. Deciding on elements to be used. 
4. Loading of the model. 
5. Solution method 
6. Investigation of the outcome of the model. 
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3.2 Generation of the Geometry of the Craniofacial 
Engineering Model 
The geometry of skull engineering model was constructed from the dry human skull 
that was made available and is shown in figure 3.1. The main structural components 
that are believed to represent the main links and supports in the human skull are 
drawn on the human skull. The dimensions of the structural components are measured 
from the human skull using a vernier calliper. Also it is known that the bony structure 
in the craniofacial has a sandwich structure as shown in figure 3.2. 
Figure 3.1: Dry human skull. 
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Figure 3.2: Sandwich structure of human skull. (Tortora and Grabowski, 1996) 
This feature has been taken into account when assigning the thickness of the plates 
and beams for the engineering model. A plate representing the frontal bone, for 
example, was modelled as a 3-layered shell having an inner cancellous core and two 
stiff cortical outer plates using average thickness for cranial bones. Figure 3.3 shows 
the engineering model of the skull obtained following this procedure. 
Figure 3.3: Geometry of engineering model for the human craniofacial skeleton (Ghazzawi, 1999). 
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3.2.1 Intrinsic Curvature of Bony Region adjacent to Occlusal Plane 
A feature in the geometry of the craniofacial skeleton that links directly to 
deformations and stresses generated within the skeleton is the intrinsic curvature of 
the bony region adjacent to the occlusal plane as shown in figure 3.4. This feature has 
been integrated in the skull engineering model since care was taken in constructing 
the geometry of the model to include this intrinsic curvature. 
Upon the application of external biting forces the loading environment on the bone 
when this intrinsic curvature is included will be different from the case where it is not 
included. A force perpendicular to the occlusal plane (as occurs during mastication) 
would generate a bending moment on the curved area representing bone at that region 
in addition to normal compressive forces. Thus integrating this feature in the model 
should provide a more realistic loading environment. 
Figure 3.4: Intrinsic curvature of bony region with respect to a plane perpendicular to the occlusal 
plane. (Ghazzawi, 1999) 
3.3 Material Properties for the Skull Engineering Model 
Bone mechanical properties and performance are quite unique. In order to integrate 
bone properties into the model a study of bone structural response under various 
loading conditions and how this could be modelled is needed. Bone is neither 
isotropic nor homogenous and these aspects are taken into account when modelling 
bone properties in the engineering model. Various in vitro experiments on bone 
specimens such as those done by Evans (1973) showed that bone is not isotropic. It 
behaves more like an orthrotropic material having similar mechanical properties in 
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two dimensions and quite different in the third. Thus bone is modelled as an 
orthotropic material in this study and the data for Young's modulus (E), shear 
modulus (G), and Poisson's ratio (v) were taken from Carter (1989) for cortical bone 
and Turner (1987) for cancellous properties, as shown in table 3.1. All material 
properties for bone are taken from the results of the testing of dry bone specimens. 
The main difference between the mechanical properties of dry and wet bones can be 
seen from the stress-strain curves of bone testing as a slight yielding of bone prior to 
fracture in the case of wet bone compared to abrupt fracture without yielding in the 
case of dry bone. It is worth mentioning that no significant change occurs in the 
stiffness of wet bone when it is dried. Thus the decision to use dry bone properties in 
this study is justified since yielding and fracture behaviour of bone is not investigated 
in this study. 
It has been observed that along the long axis of bone (for example the long axis of the 
femur) bone has maximum stiffness. This can be extended to the craniofacial skeleton 
where the z axis coincides with much of the longitudinal axis of the mandible and 
parts of the middle third of the facial skeleton. 
3.4 Element Selection for the Engineering Model 
In order to select the appropriate element to be used, several requirements should be 
met, such as geometrical requirements which necessitate the use of 3-D elements 
since the model is a three dimensional one. Also element thickness should be easy to 
define with the possibility of defining different thickness at different nodes. Material 
requirements dictate that chosen elements should allow orthotropic material properties 
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to be defined and having a sandwich structure made up of three layers with different 
thickness and material properties. Elements should also accommodate for bending and 
membrane stresses which satisfies stress requirements. 
Elements used should provide adequate performance by referring to (Ghazzawi, 1999) 
for various tests done on the selected elements, mesh size, and errors resulting from 
discretisation. 
Based on the above requirements the following elements from ANSYS element 
library are selected: 
Shell 93 
The first element selected is a structural shell (SHELL93) shown in figure 3.5. 
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Figure 3.5: Structural shell 93. 
Specifications for the element are given in table 3.2: 
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This element is used for modelling certain areas of the model. Areas where this 
element is used are shown in figure 3.3 as green coloured. 
Shell 91 
The second selected element is a 16-Layer structural shell (SHELL91) shown in 
figure 3.6. 
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Figure 3.6: Structural shell 91. 
This element is used to model sandwich bony structures in the engineering model by 
defining three layers. Regions where this element is used are shown as plum coloured 
areas in figure 3.3. Figure 3.7 shows the finite element model of the engineering 
structure of the skull. 
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It is known that the thickness of bony regions within the craniofacial skeleton varies. 
This aspect has been integrated in the engineering model by using shell 91 and 93 
elements with thicknesses corresponding approximately to the average thickness of 
the bony region at a specific location. Figure 3.8 shows various areas used in 
constructing the engineering model and table 3.4 lists the thickness of elements used 
to model these areas. Values for the average thickness of bone within regions of the 
craniofacial skeleton are gathered from various sources (McElhaney et al., 1970; 
Hubbard, 1971; Evans, 1975; Hall et al., 1989; Weber et al., 2000). A figure from 
Weber et al. (2000) is shown in figure 3.9, where CT scans are used to estimate bone 
thickness in the occipital bone of the cranium. 
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Figure 3.7: Finite element model of skull engineering model (Ghazzawi, 1999). 
( IHI/)l, I Ni /I l: it, ýIii- Ii, ± ;/11: 1/n/t1/(III'I('! ILi/'i' i r, 11. 
Figure 3.8: Areas used to construct the engineering model of the craniofacial skeleton. 
Figure 3.9: Computation of thickness on CT-scans of the occipital bone (here one slice); thickness 
measurements are not symmetric (blue: from outside to inside; yellow: from inside to 
outside) (Weber et al., 2000) 
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Table 3.4: Elements used and thickness at various bony regions of skull engineering model. 
Mandible A50, A20, A21 Shell 91 (3 layers) Outer layers =2 mm 
Middle layer =6 mm 
Teeth A18, A36 Shell 93 (1 layer) 6 mm 
Cranium A3, A4, A5, Shell 91 (3 layers) Outer layers = 1.5 mm 
A9, A10, A27, 
Middle layer =3 mm 
A29, A30, 
A31, A33, 
A35, A45, 
A46, A47, A48 
Facial bone A39, A42, Shell 93 (1 layer) 15 mm 
(Maxilla) A43, A7 
Zygomatic A25, A40, Shell 93 (1 layer) 15 mm 
bone A41, A44 
Vomer A12 Shell 93 (1 layer) 5 mm 
Sphenoid bone A16, A17 Shell 93 (1 layer) 10 mm 
3.5 Loading of the Skull Engineering Model 
To investigate the biomechanics of the engineering model and to explore its structural 
response under the action of biophysical forces during functional activity (i. e. 
mastication), it is necessary to model accurately the forces and boundary conditions 
the skull is subjected to, which include: 
1. Masticatory muscle forces. 
2. External biting forces. 
3. Fixation of the skull. 
The following steps are taken to simulate muscle forces: 
1. Determining the muscles involved in mastication. 
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2. Finding muscle attachments on skull. 
3. Establishing the orientation of the muscles in three-dimensional space and thus 
determining lines of action of masticatory muscles. The lines of action of the 
muscles change during the masticatory cycle and this feature is included. 
4. Finding maximum forces that can be produced from masticatory muscles. This 
involves deciding on the physiological cross sectional area of each muscle. 
5. Due to the transient nature of muscle activation during the masticatory cycle, 
muscle force variations with time are also included in the modelling as well. 
3.5.1 Step 1: Determining the Muscles involved in Mastication 
One of the main physiological functions of the craniofacial skeleton is mastication. 
Thus, to simulate this function, muscles involved in generating closing and opening 
movements of the mandible should be included in the model. 
According to Tortora and Grabowski (1996) muscles that elevate the mandible (also 
known as muscles of mastication) are masseter, temporalis, medial pterygoid, and 
lateral pterygoid muscles. There are also other muscles that depress the mandible 
located in the floor of the oral cavity. These are the digastric, mylohyoid, and 
geniohyoid muscles. Table 3.5 lists different studies done on the biomechanics of the 
craniofacial skeleton and muscles that are included in their modelling. 
Table 3.5: Various studies done on the biomechanics of the human craniofacial skeleton 
and muscles included in the modelling. 
Pruim et al., 1980 - Masseter Openers, which include: 
- Anterior and posterior - Inferior lateral 
temporalis pterygoid 
- Medial pterygoid - Digastric 
- Geniohyoid 
- Mylohyoid 
Koolstra and Van - Deep and superficial - Inferior lateral 
Eijden, 1995 masseter 
- Anterior and posterior 
pterygoid 
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temporalis 
- Medial pterygoid 
- Superior lateral pterygoid 
Peck et al., 2000 - Superficial and deep - Inferior lateral 
masseter pterygoid 
- Anterior, medial, and - Anterior digastric 
posterior temporalis 
- Medial pterygoid 
Koolstra and Van - Deep and superficial - Inferior lateral 
Eijden, 1999 masseter pterygoid 
- Anterior and posterior - Mylohyoid 
temporalis - Digastric 
- Medial pterygoid - Geniohyoid 
- Superior lateral pterygoid 
Trainor et al., 1995 - Superficial masseter - Anterior digastric 
- Anterior temporalis 
- Lateral pterygoid 
Koolstra and Van - Deep and superficial - Inferior lateral 
Eijden, 1997a, b masseter pterygoid 
- Anterior and posterior - Posterior and anterior 
Temporalis mylohyoid 
- Medial pterygoid - Digastric 
Superior lateral pterygoid - Geniohyoid 
After investigation of the previous studies it was decided to include in the finite 
element model all the muscles involved in mastication except one because data was 
not available for this particular muscle. No pre-assumptions are made regarding the 
importance of one muscle over the other, the combined effect of all these muscles on 
the biomechanics of the model is considered. 
The following muscles are included in the analysis: 
Muscles involved in jaw closing movement (i. e. clenching, biting, etc. ): 
1. Superficial masseter 
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2. Deep masseter 
3. Anterior part of temporalis muscle 
4. Posterior part of temporalis 
5. Medial pterygoid 
6. Superior head of lateral pterygoid 
Muscles involved in jaw opening movement (i. e. depressing the mandible): 
1. Digastric 
2. Inferior head of lateral pterygoid 
3. Mylohyoid 
These muscles are modelled and attached to the mandible and the facial and cranial 
bones of the skull to simulate muscle forces acting on the skull during mastication. It 
is worth mentioning that work done on the engineering model in the MSc. (Ghazzawi, 
1999) integrated four masticatory muscles compared to nine muscles included in this 
study. 
3.5.2 Step 2: Finding Muscle Attachments on the Mandible 
All studies that are related to the biomechanics of the craniofacial skeleton found in 
the literature assume that muscles are attached to the skull at single points through 
which the line of action of the muscle operates (Prium et al., 1980; Koolstra and Van 
Eijden, 1997a, b; Peck et al., 2000; Trainor et al., 1995). 
These points of attachment represent the centroids of the origins and insertions of 
masticatory muscles. In this study this approach wasn't adopted. Instead it was 
decided that the approach to muscle modelling could be enhanced by modelling 
muscular attachments on the craniofacial skeleton as lines of contact instead of points. 
These lines represent the boundaries of muscle attachments on the skull and should 
provide a more realistic modelling. In order to accomplish this task an anatomically 
correct model of the mandible with muscular attachments was utilised, as shown in 
figure 3.10. 
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In figure 3.10 numbers on muscle attachment regions correspond to the following 
muscles: 1- Superficial and deep masseter, 2 -i Anterior and posterior temporalis, 
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Figure 3.10: Anatomical model showing muscular attachments. 
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3- Medial pterygoid, 4- Mylohyoid, 5- Superior and inferior heads of lateral 
pterygoid, and 6- Digastric. 
Muscles lines of attachment were taken from this model and incorporated into the 
finite element model of the mandible as shown in figure 3.11. 
Figure 3.11: muscles attached to the finite element model of the mandible. 
Muscle attachment regions on facial and cranial bones are determined from an 
anatomically correct model of the human skull shown in figure 3.12. 
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Figure 3.12: An anatomically correct model of the human skull with muscle attachments. 
Figure 3.13: Engineering model and masticatory muscle attachments. 
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Figure 3.13 shows the engineering model with attached masticatory muscles. 
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3.5.3 Step 3: Establishing the Orientation of Muscles in Space and Time. 
An important step is to determine the angles of the planes of action of the muscles (in 
this study lines of contact for muscles were used so muscles have a plane of action), 
hence the angles this plane of action makes with x, y, and z planes are crucial. Within 
these planes of action, muscles act in lines of force as shown in figure 3.14. 
Muscle 
force 
y 
Plane of 
action z 
X 
Fmuscle 
Figure 3.14: Muscle plane of action. 
Defining direction cosines for these planes of muscular forces will allow the 
determination of muscles force components in x, y, and z directions. An important 
comment on the work found in the literature on estimating the orientation of the 
masticatory muscles is that researchers have assumed that the angle of line of action is 
constant as the mandible rotates. This clearly is only an approximation. 
In this study, however, the change in the angle of masticatory muscles orientation 
with mandibular movement has been taken into account and the technique for 
simulating this feature is discussed next: 
H 
Figure 3.15: Masticatory muscle line of action at the beginning of masticatory cycle 
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Figure 3.15 shows the orientation of a masticatory muscle line of action (temporalis 
muscle), at the beginning of the masticatory cycle the angles the line of action makes 
with the three axes are O., 8y, and 6Z. The values of these angles at the beginning of the 
masticatory cycle for various muscles are taken from Koolstra and Van Eijden (1995), 
Langenbach and Hannam (1999), and Van Eijden and Koolstra (1998). However, the 
angles given in Koolstra and Van Eijden (1995) had to be transformed to a plane 
parallel to the occlusal surface of the upper jaw. 
In this current study it is proposed that the mandible will sweep 20° during its closing 
movement. This value correlates with the actual opening and closing angles during 
mandibular movement. The following assumptions are made in order to determine 
how muscles angles will change as the masticatory cycle progresses: 
1.0, won't change during mandibular movement. The justification for this 
assumption is that the regions of muscle's origins and insertions won't be altered 
during movement. This fixes the values of Ox which is defined as the angle 
between origins and insertions (attachment points) of masticatory muscles in a 
plane normal to x-axis. 
2.0>, and 0 will change as the mandible moves, such that the angles of temporalis 
muscle line of action at the end of the masticatory cycle are calculated by: 
By, final = ey, initial ± 20O 
ez, final = ez, initial + 20 
A major step at this stage is to incorporate the orientation of the muscles with load 
steps representing the sequence of muscle activation with time. To this end taking an 
initial angle for the orientation of the muscle at the beginning of the masticatory cycle 
then an increment of 2° is added or subtracted to represent the change in the 
orientation as the masticatory cycle progresses. The results of this step are listed in 
table 3.6. 
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Table 3.6: Changes in the angles of muscles line of action during jaw closing movement (t=0 
(beginning of masticatory cycle), t=1s (end of masticatory cycle)): 
(Data for Oy and OZ taken from (Koolstra and Van Eijden, 1995), (Langenbach and Hannam, 1999), and 
(Van Eijden and Koolstra, 1998) 
Time(s) 0Z 0y Cos 0Z Cos Oy 0Z 0y Cos 0Z Cos 0y 
0 60 30 0.5 0.87 88 2 0.035 0.999 
0.1 62 28 0.47 0.883 90 0 0 1 
0.2 64 26 0.44 0.898 92 88 -0.035 0.035 
0.3 66 24 0.41 0.91 94 86 -0.07 0.07 
0.4 68 22 0.375 0.93 96 84 -0.1 0.1 
0.5 70 20 0.342 0.94 98 82 -0.14 0.14 
0.6 72 18 0.31 0.951 100 80 -0.174 0.174 
0.7 74 16 0.276 0.96 102 78 -0.21 0.21 
0.8 76 14 0.242 0.97 104 76 -0.242 0.242 
0.9 78 12 0.21 0.98 106 74 -0.276 0.276 
1 80 
Time(s) 0Z 
10 
0Y 
0.174 
Cos 0Z 
0.985 
Cos 0y 
108 
01 
72 
0y 
-0.31 
Cos 02 
0.31 
Cos 0y 
0 105 85 -0.259 0.09 134 46 -0.695 0.695 
0.1 107 83 -0.292 0.122 136 44 -0.72 0.72 
0.2 109 81 -0.33 0.16 138 42 -0.74 0.74 
0.3 111 79 -0.36 0.191 140 40 -0.77 0.77 
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0.4 113 77 -0.391 0.225 142 38 -0.79 0.79 
0.5 115 75 -0.423 0.26 144 36 -0.81 0.81 
0.6 117 73 -0.454 0.29 146 34 -0.83 0.83 
0.7 119 71 -0.485 0.33 148 32 -0.85 0.85 
0.8 121 69 -0.52 0.36 150 30 -0.87 0.87 
0.9 123 67 -0.545 0.391 152 28 -0.883 0.883 
1 125 
Time(s) Oz 
65 
O. 
-0.574 
Cos OZ 
0.423 
Cos Oy 
154 
0Z 
26 
0y 
-0.9 
Cos 0Z 
0.9 
Cos 0y 
0 63 27 0.454 0.891 60 30 0.5 0.87 
0.1 65 25 0.423 0.91 62 28 0.47 0.883 
0.2 67 23 0.391 0.92 64 26 0.44 0.898 
0.3 69 21 0.358 0.93 66 24 0.41 0.91 
0.4 71 19 0.33 0.95 68 22 0.375 0.93 
0.5 73 17 0.29 0.96 70 20 0.342 0.94 
0.6 75 15 0.26 0.966 72 18 0.31 0.951 
0.7 77 13 0.225 0.97 74 16 0.276 0.96 
0.8 79 11 0.191 0.982 76 14 0.242 0.97 
0.9 81 9 0.16 0.99 78 12 0.21 0.98 
1 83 7 0.122 0.992 80 10 0.174 0.985 
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Time(s) 0Z Oy Cos 0Z Cos Oy 
0 39 51 0.78 0.63 
0.1 41 49 0.75 0.656 
0.2 43 47 0.73 0.682 
0.3 45 45 0.71 0.71 
0.4 47 43 0.682 0.73 
0.5 49 41 0.66 0.75 
0.6 51 39 0.63 0.78 
0.7 53 37 0.6 0.8 
0.8 55 35 0.574 0.82 
0.9 57 33 0.545 0.84 
1 59 31 0.52 0.86 
The directional cosines for masticatory muscles listed in table 3.6 represent the 
change in the orientation of muscles force vector as the mandible rotates from 
maximum opening to the situation were the two occlusal planes are in contact. These 
values were used to calculate muscle force components in x, y, and z directions as 
will be discussed in step five. As mentioned earlier orientations of muscle forces in 
the x-direction are taken to be constant as the masticatory cycle progresses. 
3.5.4 Step 4: Finding Maximum Forces that can be generated. 
Convergence among researchers on the maximum force that can be generated from a 
muscle is a difficult and controversial subject. However, some main guidelines that 
seem to be acceptable by many researchers in the field (Prium et al., 1980; Peck et al., 
2000; Weijs and Hillen, 1985; Langenbach et al., 1999) are: 
- The maximum 
force that can be generated from a muscle is proportional to its 
physiological cross sectional area. 
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- There is an independent parameter IT (N/m2), which relates the maximum force 
exerted by a muscle (Finax) to its physiological cross sectional area ým (m2) such 
that: 
Finax =F*Om (N) 
- The maximum force exerted by a muscle during an entire cycle equals the 
physiological maximum force of the muscle. 
From the previous discussion it is obvious that in order to get an estimate for the 
forces generated by a muscle it is necessary to estimate the muscle's cross sectional 
area. This was done using MRI scans (Koolstra and Van Eijden, 1992) where changes 
in the dimensions of masticatory muscles were recorded by a series of frontal and 
transverse sections. From these sections, physiological cross sectional areas of 
masticatory muscles can be estimated. Due to the better contrast of this technique, 
cross sectional area of muscles can be estimated with more accuracy (Koolstra and 
Van Eijden, 1992) than a technique using CT scans as conducted by Weijs and Hillen 
(1984). Table 3.7 lists physiological cross sectional areas of masticatory muscles 
obtained by various researchers: 
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The cross sectional area of mylohyoid muscle was estimated by extrapolating the data 
listed in table 3.7. The values of muscles cross sectional area used in this study are 
based on table 3.7 shown in table 3.8. 
Table 3.8: Physiological cross sectional area and maximum force estimation for masticatory muscles 
used in this study. 
The next step in determining muscles maximum forces is to find muscle parameter IF 
which relates the cross sectional area of the muscle to the maximum force it can 
generate. There is some sort of agreement on the value of this parameter in the 
literature, which is taken to be 0.4 * 106 N/m2 or 40 N/cm2 (Peck et al., 2000; Ikai and 
Fukunaga, 1968; Pruim et al., 1980; Weijs and Hillen, 1985; Fitts et al., 1991) 
Thus the maximum force a muscle can generate can be calculated as follows: 
F'maX =Om *40N/cm2 
where 
om muscle physiological cross sectional area (cm2 ) 
For example, the maximum force that can be generated from the superficial masseter 
muscle is given by: 
FmaX =5.7*40=228 N 
Table 3.8 lists maximum muscle forces used in this study. 
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3.5.5 Step 5: Transient Response of Masticatory Muscles 
The activation of masticatory muscles is primarily controlled by the central nervous 
system. Upon activation of the force generating units (the sarcomeres), a skeletal 
muscle can produce force. Forces generated from these sarcomeres are modulated and 
controlled primarily by two factors: 
a) Force-length factor: this factor links the force generated from the sarcomere to 
its length change. 
b) Force-velocity factor: this describes contractile velocities of the sarcomeres and 
corresponding output force. 
The above factors reflect the dynamical state of masticatory muscles, which is 
changing all the time in a contracting muscle. Thus the force generated changes 
accordingly. Functional activity of the mandible and masticatory muscles dynamics 
are interconnected. For example, when biting on a harder substance the muscles have 
to generate a larger force to accomplish the task compared to the case of biting on a 
soft substance. At the same time this increase in force causes changes in stresses and 
strains within the craniofacial skeleton. This change in stress and strain in turn affects 
the dynamics of masticatory muscles, thus there is a feedback between the 
physiological task and output of the muscles. 
3.5.5.1 Muscle Activation Sequence during the Masticatory Cycle 
A dynamic model for the activation of masticatory muscles was developed by 
Koolstra and Van Eijden (1997a, b) and some of the assumptions made in their model 
are summarised as follows: 
- Symmetrical jaw-opening and jaw-closing movements. 
- Muscles were assumed to run straight between their origins and insertions. 
As mentioned earlier two important relationships describing the dynamics of 
masticatory muscles with time during mandibular movements are: 
a) Muscle force-length relationship: 
Muscles generate their maximum force when the sarcomeres are at their optimum 
length, the force-length factor expresses the relationship between the 
instantaneous force as a fraction of maximum force and the instantaneous 
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sarcomere length Ls(t) (in µm). This force - length factor is approximated by 
(Koolstra and Van Eijden, 1995,1996,1997a, b): 
FL = 0.4128Ls(t)3 - 4.3957Ls(t)2 + 14.8003Ls(t) -15.0515 ............... (1) 
b) Muscle force-velocity relationship: 
A factor describing the instantaneous shortening velocity of the sarcomere 
Vs(t)(cm/s) and its effect on the force generated from the muscle can be stated as 
(Koolstra and Van Eijden, 1995,1996,1997a, b): 
12.5 - (Vs(t) / 2.73) Vs(t) >- 0 
FV 
12.5 + (Vs(t) / 0.49) ' 
= 
1.5-0.5 
12.5+Vs(t)/2.73 
12.5 - 2(Vs(t) / 0.49) ' 
Vs(t) <0 
c) As mentioned previously the sarcomere length is crucial in determining FL factor, 
the change in length of various muscle sarcomere is shown in figure 3.16. 
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Where: LPT_I: inferior later pterygoid, DIG: digastric, GEH: geniohyoid, MYH_A: anterior 
mylohyoid, MYH_P: posterior mylohyoid, MAS_S: superficial masseter, MAS_D: deep masseter, 
MPT: medial pterygoid, TEM_A: anterior temporalis, TEM_P: posterior temporalis, LPT_S: superior 
lateral pterygoid. (Koolstra and Van Eijden, 1997b) 
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d) Substituting the values for sarcomere lengths obtained in step two into equation 
(1), it is possible to calculate the force-length factor FL corresponding to 
sarcomere lengths as shown in the figure 3.17. 
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Figure 3.17: Force-length factor (FL) as a function of the amount of Jaw opening. (Koolstra and 
Van Eijden, 1997b) 
e) Shortening velocities according to (Koolstra and Van Eijden, 1997b) were largest 
at the beginning of the movement and then gradually diminished, as shown in 
figure 3.18. 
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From figure 3.18 it is possible to substitute Vs(t) into equation (2) to obtain force- 
velocity factors for various muscles as shown in figure 3.19. 
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Figure 3.19: Force-velocity factor (FV) as a function of the amount of jaw opening. (Koolstra and 
Van Eijden, 1997b) 
After obtaining the force-length and force-velocity factors, the mathematical product 
of both, which is called the active force factor represents the resultant factor 
modulating active muscle force. This factor expresses the dynamic modulation of 
muscle force during the masticatory cycle, and it is shown for various muscles in 
figure 3.20. 
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Figure 3.20: Active force factor (FL*FV) as a function of the amount of jaw opening. (Koolstra 
and Van Eijden, 1997b) 
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3.5.5.2 Integration of Masticatory Muscles Activation Sequence into the Finite 
Element Model of the Craniofacial Skeleton 
Using the values obtained for muscles active force factor (Koolstra and Van Eijden, 
1997b), and converting figure 3.20 into tabular form, such that 20° of jaw movement 
is taken to be one masticatory cycle and assuming a masticatory frequency of 1 Hz, 
table 3.9 is produced. 
Where: 
Mass- S: Superficial masseter. 
Mass- D: Deep masseter. 
Temp -A : Anterior temporalis. 
Temp- P: Posterior temporalis. 
MPT : Medial pterygoid. 
LPT(inf. ) : Inferior head of lateral pterygoid. 
LPT(Sup. ) : Superior head of lateral pterygoid. 
Dig. . Digastric. Myl 1: Posterior most portion of mylohyoid muscle. 
Myl 2 
Myl 3 
Myl 4: Anterior most portion of mylohyoid muscle. 
The active force factor is combined with the maximum force data presented in table 
3.8 and the orientation data in table 3.6 to give the transient muscle force, such that: 
Muscle force component in x- direction =F (t) =Fx cos Bx x , '(t) 
Muscle force component in y- direction = Fy (t) =F* cos 8yx ý(t) 
Muscle force component in z- direction = FF (t) =F* cos 9z x fi(t) 
Where 8,,, 0>,, and 6Z are directional cosines for a certain muscle 
F Maximum force that can be generated by the muscle (N). 
F,, (t), FY(t), and FZ(t) Force components in x, y and z direction respectively (N) at 
time (t). 
W) Active force factor. 
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Integrating all of the above yields force components for all masticatory muscles used 
in the finite element model, which are listed in table A. 1 in appendix A. 
Data presented in appendix A regarding muscle force variation with time is presented 
in figure 3.21. It can be seen from the figure that at the beginning of the masticatory 
cycle (i. e. jaw fully opened) that jaw opening muscles (for example mylohyoid 
muscle) generate their maximum force. This correlates with the physiological 
function of widening the distance between the upper and lower teeth to accommodate 
the object being chewed. Even though there is some output from jaw closing muscles 
at the beginning of the masticatory cycle, the orientation of the combination of jaw 
opening and closing muscles generate jaw opening movement. 
Also it can be seen from figure 3.21 that as the masticatory cycle progresses the 
output from jaw opening muscles decreases and forces generated from jaw closing 
muscles increase. In the time interval between 0.5- 0.7 s maximum forces are seen 
from jaw closing muscles. This satisfies the physiological requirement of mastication 
in generating larger and larger forces as the distance between the upper and lower 
teeth decreases to aid in crushing the object being chewed. 
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3.5.6 Fixation of the Skull Engineering Model 
The human skull rests on the spine at the foramen magnum region. Thus the skull 
engineering model was fixed at this region such that nodes defined at the foramen 
magnum were fixed against all transitional and rotational motion. Figure 3.22 shows 
the fixation of the model at the foramen magnum region. 
Figure 3.22: Fixation points on the model (Foramen magnum region) (Ghazzawi, 1999). 
3.6 Solution Method 
As seen in the section describing loading conditions applied to the skull model, 
loading of finite element models developed in this thesis can be described as time- 
dependent. As time progresses during the masticatory cycle loads applied on the skull 
model changes in both magnitude and orientation. This loading condition is best 
simulated on the models using an analysis called transient dynamic analysis, which is 
a technique used to study the response of a structure under the action of time- 
dependent loads. 
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The basic equation of motion solved by a transient dynamic analysis is: 
[M]1u4+[C]ýuj+[K]{u}={f(t)} 
Where : 
[M] Mass matrix 
[C] Damping matrix 
[K] Stiffness matrix 
IUl 
Nodal acceleration vector 
M Nodal velocity vector 
{u} Nodal displacement vector 
{ f(t)} Load vector 
At any given time (t) the above equation can be thought of as a set of "static" 
equilibrium equations that take into account inertia and damping forces, in this study 
inertia has been taken into account in order to make the model closer to the real 
structure where inertial effects have a role in the dynamics of the structure. However, 
damping is not included. 
The technique used in this study to simulate loading conditions on craniofacial finite 
element models is to divide the time it takes the mandible to move from the fully open 
position to the position where the two occlusal planes are in contact (i. e. the time it 
takes to complete one masticatory cycle) into eleven time steps such that at each time 
(t) forces applied to the model are defined in terms of magnitude (table A. 1) and 
orientation (table 3.6) which defines load vectors acting on the model at that time 
step. 
A programme written in Ansys Parametric Design Language (APDL) is used to load 
the finite element models at each time step (t). A sample listing of the programme is 
shown below: 
1 Muscles included 
! Superficial masseter 
Deep masseter 
! Anterior temporalis: 
! Posterior temporalis: 
! Medial pterygoid 
! Lateral pterygoid (Superior Head) 
Lateral pterygoid (Inferior Head) 
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Digastric muscle 
Mylohyoid including all four portions of the muscle 
/FILNAM, FORCES 
/TITLE, FORCES 
/PREP? 
! FINISH 
/SOLU 
ANTYPE, TRANS 
TRNOPT, FULL 
! Load step 1 
! SUPERFICIAL MASSETER 
! RIGHT SIDE of the mandible 
1 Forces are applied on specified nodes as follows: 
! Force, Node #, Force component, Force magnitude (N) 
F, 705, FX, 1.65 
F, 705, FY, 8.24 
F, 705, FZ, 4.74 
F, 724, FX, 1.65 
F, 724, FY, 8.24 
F, 724, FZ, 4.74 
LEFT SIDE of mandible 
F, 120, FX, -1.65 
F, 120, FY, 8.24 
F, 120, FZ, 4.74 
F, 176, FX, -1.65 
F, 176, FY, 8.24 
F, 176, FZ, 4.74 
DEEP MASSETER 
RIGH'T' SIDE 
F, 808, FX, 0.87 
F, 808, FY, 2.3 
F, 808, FZ, 0.08 
F, 824, FX, 0.87 
F, 824, FY, 2.3 
F, 824, FZ, 0.08 
! LEFT SIDE 
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F, 237, FX, -0.87 
F, 237, FY, 2.3 
F, 237, FZ, 0.08 
F, 241, FX, -0.87 
F, 241, FY, 2.3 
F, 241, FZ, 0.08 
Other muscles are included in a similar fashion 
Gravity effect is included as follows: 
Acceleration due to gravity, x-component, y-component, z-component 
ACEL, O, -9.81,0 
NSUBST, 1 
KBC, 0 
OUTRES, ALL, 1 
OUTPR, BASIC, 1 
TIME, 0.1 Time at end of load step = 0.1 s 
LSWRITE, 1 
! Initiation of solution 
SOLVE 
LOAD STEP 2 
New magnitudes and orientations for masticatory muscles' forces 
are applied in this load step and similarly in other load steps 
For complete listing of the programme refer to appendix B. 
3.7 Results from Skull Engineering Model 
3.7.1 Introduction 
This section presents the results obtained from skull engineering model, which 
include: 
- Deformed shape and displacement patterns of the model 
- Overall state of stress (Von Mises and principal stresses) 
- Analysis of selected paths 
Results mentioned above are represented using vector and contour plots. Graph plots 
are also used for better visualization of results, by first defining a path along the 
required area then specifying the described quantity along the path. The reason for 
choosing von Mises stress is that some useful stress quantities are invariant; that is, 
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they have the same numerical values in any coordinate system, one such quantity is 
the von Mises "effective " or " equivalent " stress which is given by the following 
relation (Cook, 1995): 
[(a1 -Q2)2 +(a'2 -Q3)2 +(a3 -61)2] 6e = 72 
where 
61,072, and 63 are the three principal stresses at the point in question. 
a1 the algebrical ly largest. 
173 the algebrical ly smallest. 
Another reason for choosing von Mises stress is that it is used in fracture theories. 
These state that yielding begins when it reaches a limiting value. As von Mises stress 
represents the entire state of stress, contours of von Mises stress are often plotted and 
examined. As mentioned previously shell elements were used in the skull engineering 
model and an important aspect when using shell elements is that the output from these 
elements is highly dependent on which side of the element the results are taken from. 
In figure 3.23 shell 93 element is shown and for example reading the results from face 
2 would generally be different than face 1 since shell elements experience both 
membrane and bending stresses. 
ZZ 
Y 
X 
K, L, O 
PN 
J M 
Triangular Option 
Figure 3.23: Shell 93 element from ANSYS element library. 
To know the top and bottom surfaces of shell elements used in the model it is 
necessary to know the normal of element surfaces. These can be found from the 
normal to the areas, shown in figure 3.24. From the figure it is possible to ascertain 
that the top surface is the inner surface of the model and bottom surface is the outer 
surface. Thus in obtaining the results from the model comparison is made between 
parameters obtained from top and bottom surfaces. 
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Figure 3.24: Normal of areas used in the model. 
3.7.2 Deformed Shape 
Figure 3.25 shows the deformed shape of the model, it can be seen that the middle 
third of the facial skeleton modelled containing bony regions such as the maxilla, 
zygomatic, sphenoid bones as indicated in the figure is being deformed inferiorly. The 
orientation of these deformations satisfies the physiological requirement of 
mastication in generating downward displacements, which aid in crushing the object 
being chewed. This action is illustrated in figure 3.26. 
Also from figures 3.25 and 3.27 it can be seen that at time t=0.6s the sphenoid bone is 
deformed anteriorly at its superior portion. The orientation of its displacement serves 
an important physiological function during mastication, which is to counter the 
downward displacement of the frontal bone and medial displacement of zygomatic 
bone, thus the junction where these three bones meet will be stabilised in space and 
excessive displacement of these bony parts is prevented as shown in figure 3.26. 
The model for the palatine bone shown in figure 3.28 is displaced such that its lateral 
sides are deformed inferiorly and middle portion superiorly, similar to the opening of 
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a dome, this correlates with the anatomy of this bone where there is a suture at the 
midline which can accommodate displacements generated within the bony regions 
adjacent to the suture. 
In figure 3.29 displacement of the model at time t=0.6s is shown where maximum 
displacements are seen along the anterior body of the mandible, also along the line 
separating the frontal and parietal bones within the cranium. It is interesting to notice 
that the locations of large displacements within the cranium correspond to the 
locations of cranial sutures, which can strain more easily than surrounding bony 
structure and thus can accommodate such displacements without generating high 
stresses. 
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Figure 3.25: Deformed shape of skull engineering model. 
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Figure 3.26: Illustration of the orientation of deformations within upper jawbone. 
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3.7.3 Overall State of Stress within the Model 
Figure 3.30 shows von Mises stresses within the model for outside surface, while 
figure 3.31 shows von Mises stresses for the inside surface. It can be seen that regions 
of high stresses are to a large extent similar for both inside and outside surfaces with 
some exceptions. Large stresses can be seen at muscles attachment points, also very 
high stresses exist within the maxilla region (i. e. facial bones) and within bony 
regions adjacent to the occlusal plane. 
It is expected to find high stresses at muscular attachment points. However, high 
stresses in the bony regions adjacent to the occlusal plane is an interesting 
observation. This could be explained by studying how masticatory muscles load the 
craniofacial skeleton as shown in figure 3.32. The path shown in figures 3.30 and 3.32 
is expected to experience high stresses. This is reflected in the results obtained from 
the model. A path handles forces generated from masticatory muscles and external 
biting forces. These high stresses which result within the bony regions are expected to 
aid in accomplishing masticatory function in generating compressive deformations 
within the object being chewed which would aid in crushing that object. 
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Figure 3.30: Von Mises stress distribution within the model. (Outside surface) 
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Figure 3.32: Loading of masseter muscles on craniofacial skeleton and path expected to experience 
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Figures 3.33-3.36 show compressive and tensile principle stresses within the model 
for both inside and outside surfaces, it can be seen that compressive stresses dominate 
the bony regions adjacent to the occlusal plane, maxilla, anterior body of the 
mandible, and sphenoid bone. Figure 3.37 shows vector plots for principal stresses 
within the model, it can be seen from the figure that tensile stresses dominate at the 
anterior region of the body of the mandible and the supraorbital margins, while 
compressive stresses dominate within the maxilla and bony region adjacent to 
occlusal plane. 
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Figure 3.33: Principal compressive stresses within the model. (Outside surface) 
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Figure 3.34: Principal compressive stresses within the model. (Inside surface) 
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Figure 3.35: Principal tensile stresses within the model. (Outside surface) 
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3.7.4 Analysis of Selected Paths 
Paths are chosen along certain regions of the engineering model. These paths are 
defined by selecting a group of nodes as shown in figure 3.38. The regions to be 
analysed are: 
1. Maxilla - zygomatic bone: This region is studied by defining a path from the 
medial part of the maxilla extending laterally finally reaching the zygomatic 
suture. 
2. Medial part of the maxilla bone: Analysed by a path extending from the medial 
proximal part of the maxilla (i. e. upper jaw bone) going upward ending at the 
suture of the nasal bone. 
Results obtained from the paths are taken from the results of the outside surface of 
shell elements, since the location and magnitude of high stresses within the two layers 
are similar to a large extent. 
convention shown in figure 3.39 is adopted. 
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Figure 3.38: Paths defined at specific regions on the engineering nmdel. 
Before proceeding with the analysis of the chosen paths, a sign convention helps to 
illustrate the orientation of displacements. Throughout the analysis the sign 
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Figure 3.39: Sign convention for displacements. 
3.7.4.1 Maxilla - Zygomatic Path 
a) Von Mises and Principal Stresses along the Path 
Figure 3.40 shows von Mises stresses along the maxilla-zygomatic path for the 
outside surface of the elements. The figure shows that the overall state of stress is 
higher within the maxilla region, which indicates that the stress along the bony 
volume surrounding the upper teeth is maximum. Going towards the zygomatic region 
the stress drops and reaches a minimum near to the zygomatic arch suture. It can be 
observed in figure 3.40 that there are changes in stress gradient. This can be explained 
by knowing that the path spans bony regions where the thickness is varying. 
This observation is consistent with muscle loading on the craniofacial skeleton as 
shown in figure 3.32, where the medial part of maxilla bone is expected to experience 
high stresses and the zygomatic region near the suture is expected to experience low 
stresses. Figure 3.41 shows tensile and compressive principal stresses along the path, 
it is clear that compressive stresses dominate within the maxilla region, the 
importance of this result will be presented in chapter six. At this stage combining this 
compressive stress with the orientation of deformations shown in figure 3.32 satisfies 
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the physiological function of mastication in applying compressive deformations and 
stresses on to the object being chewed. 
Figure 3.42 shows the orientation of deformations within the maxilla and zygomatic 
bone based on results presented so far. 
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Figure 3.40: Von Mises stress along the maxilla - zygomatic path. 
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88 
NI AXI LLA ZYGOMATIC 
BONE 
Chapter Three / Engineering Model of the Human Craniofacial Skeleton 
Figure 3.42: Deformation patterns in Maxilla and Zygomatic bone 
3.7.4.2 Path along Medial Part of Maxilla Bone 
a) Von Mises and Principal Stresses along the Path 
Figure 3.43 shows the von Mises stress along this path. Maximum stresses occur at 
the lower part of the maxilla (i. e. bone adjacent to occlusal plane). An explanation for 
this result could be found from muscle loading illustrated in figure 3.32, where by 
investigating the orientation of masticatory muscles forces, especially the masseter 
muscle attached to maxilla bone it can be seen that the orientations of deformations 
and stresses are such that they generate large deformations and stresses within the 
lower medial part of maxilla. The physiological importance of these large stresses 
within the lower part of the maxilla is believed to aid in masticatory function in 
generating compressive deformations on the object being chewed. While as at the 
distal end of the maxilla these large deformations are not needed to crush an object. 
However, these small deformations experienced by the distal end of the maxilla are 
believed to be needed in stabilising the suture at the junction between the frontal and 
maxilla bones. 
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It is also useful to study principal tensile and compressive stresses along this path as 
shown in figure 3.44. Compressive stresses dominate along the lower part of the 
maxilla again combined with deformation patterns shown in figure 3.32 this pattern of 
deformations and stresses correlate with the physiological requirements to accomplish 
masticatory function. 
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Figure 3.43: Von Mises stress distribution along medial maxilla bone. 
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3.8 Conclusions 
- In this chapter an analysis of an engineering model for the human skull is 
presented. Decisions are made regarding material properties, loading conditions, 
meshing, etc. 
- One feature in the model is that bone sandwich structure is modelled using shell 
elements such that material properties and bone thickness are assigned for each 
layer. Different thicknesses were assigned for various bony regions within the 
craniofacial skeleton. 
- Muscle loading was modelled using force vectors at muscular attachment regions, 
such that these vectors are changing both in magnitude and direction during the 
masticatory cycle. 
- Due to the large number of parameters that need to be input at each load step 
during the masticatory cycle, a programme is written in ANSYS parametric design 
language that applies muscle force vectors at each step and initiates the solution 
which helps to make the process of applying muscular loading more automated. 
- Presentation of the results included von Mises and principal stresses in addition to 
deformed shape and displacement patterns within the model. 
- The distribution and orientation of displacements within the model correlated with 
muscle loading on the craniofacial skeleton in the sense that regions of high 
stresses were seen along muscular origins and insertions in addition to certain 
trajectories within the model. 
- Compressive stresses are seen to be dominant within the mandible and maxilla 
bones. These bones are directly involved in handling biophysical forces generated 
during mastication and having a compressive state of stress oriented towards the 
occlusal region within these bony regions is believed to aid in accomplishing 
masticatory function by generating compressive stresses within the object being 
chewed and crushing it. 
- Having compressive stresses within the actual skull minimises deformations 
generated during function, which is a main requirement in load handling 
structures. 
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- It is observed from the results that displacements within the sphenoid bone are 
oriented in a way that it stabilises the downward displacements of the frontal bone 
and inward displacements of the zygomatic bone. 
- Facial bones such as mandible, maxilla, and zygomatic experience large stresses 
compared to cranial bones. This observation correlates with the results of in vivo 
and in vitro experiments done on primate and human skulls, which gives 
confidence to the methodology and approach adopted in this current study. 
- The orientations of the deformations within the craniofacial skeleton are seen to 
be utilised in two ways. The first is by generating compressive stresses within the 
object being chewed and the second by stabilising the craniofacial skeleton during 
function by preventing excessive displacements of various bony regions. 
- Displacement patterns in the model are seen to be oriented to aid in accomplishing 
masticatory function and correlate with one of the main functions of the 
craniofacial skeleton, which is handling biophysical forces generated during 
mastication. 
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Chapter Four 
Anatomical Model of the Human Mandible 
4.1 Introduction 
In the previous chapter an analysis of an engineering model for, the craniofacial 
skeleton was undertaken. It highlighted the potential of utilising the model to study 
the biomechanics of the skull and its implications in the clinical field. It was also 
stated that the engineering model was generated based on certain simplifying 
assumptions. The main assumption regards the geometry of the model such that it was 
constructed using plates and beams to represent main structural components that are 
believed to handle muscle and external forces during mastication. 
As seen from the previous chapter, preliminary validation of the model is very 
encouraging and highlights the ability of the model to reflect to some extent what 
actually occurs in the human skull during mastication. However, these assumptions 
could lead in some cases to oversimplification with the concern that a certain 
phenomenon may not be observed due to the omission of a certain biophysical input, 
a special feature in the geometry, etc. 
Thus to establish more confidence and robustness in the results obtained from the 
engineering model and to investigate additional features of the biomechanics of the 
craniofacial skeleton, an anatomical model for the human mandible has been created. 
As the name implies the geometry of the mandible was generated based on the actual 
anatomy of the mandible and not on a simplified geometry as in the case of the 
engineering model. 
Steps taken in generating and investigating the anatomical model of the mandible are 
as follows: 
1. Generation of the geometry of the mandible finite element model. 
2. Assigning material properties to the model. 
3. Deciding on elements to be used. 
4. Loading of the model. 
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5. Investigating the outcome. 
6. Comparison with the results of the engineering model. 
4.2 Generation of the Geometry of the Mandible Finite Element 
Model 
The geometry of the mandible is obtained by direct measurements of an edentulous 
human mandible shown in figure 4.1. Points are assigned along the contours of the 
edges of the mandible, and then connected by splines shown in figure 4.2. This results 
in a series of splines defining the geometry of the mandible. These splines are used to 
generate areas and volumes resulting in the final geometry of the model as shown in 
figure 4.3. It is worth mentioning that teeth were not included as separate entities in 
the finite element model. The reason for this is that the inclusion of teeth separately 
requires the detailed modelling of the geometry of the teeth, periodontal ligament, and 
teeth cavity and based on the available data and resources at the time of the current 
study this was not possible. Also it was decided that doing crude modelling for the 
teeth, periodontal ligament, and teeth cavity would introduce large modelling errors 
that could cloud the results of the model. 
Figure 4.1: Edentulous human mandible used in constructing the finite element model. 
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Figure 4.2: Splines used in constructing mandible model. 
Figure 4.3: Geometry of mandible model. 
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To check whether the geometry created from the splines shown in figure 4.3 is within 
the dimensions of the mandible shown in figure 4.1, a feature called key point (KP) 
distance in ANSYS® is utilised such that distances between selected points on 
mandible model were measured and compared with the distances between 
corresponding points on the actual mandible. 
Figure 4.4: Checking the dimensions of the mandible model. 
The distance between the two points indicated by location 1 on the mandible model 
shown in figure 4.4 is equal to 48 mm, and the corresponding distance measured on 
the actual mandible is equal to 46 mm, which gives an error of 4.17%. Along location 
2 the distance is equal to 82 mm on the model, and on the actual mandible it is equal 
to 87 mm, which gives an error of 5.75%, it was found that the error is below 6% for 
all measured distances. This error arises from rounding off the values of the co- 
ordinates of the points used to define the splines of the model. The magnitude of this 
error is acceptable, which establishes confidence in the dimensions of the geometry of 
the mandible model. 
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4.3 Material Properties of Bone 
As discussed in chapter three it has been shown that bone exhibits similar mechanical 
properties in two dimensions and quite different properties in the third. This is similar 
to the behaviour of an orthotropic material, thus bone is modelled as an orthotropic 
material in this study with the following mechanical properties taken from Carter 
(1989) for cortical mandibular bone. 
Table 4.1: Cortical bone properties. (Carter, 1989) 
In order to select the appropriate element to be used in the finite element model of the 
mandible several requirements should be met included. Geometrical requirements 
necessitate that three dimensional solid elements be used and not planar 2-D ones. 
Material requirements require that elements chosen should allow for orthotropic 
material properties to be assigned. The element selected from ANSYS ® element 
library is Solid92, this element is chosen because it is well suited to model irregular 
shapes. It has three translational degrees of freedom at each node and orthotropic 
material properties can be assigned. 
Meshing of the mandible model is limited by the maximum number of nodes and 
elements that are allowed by the version of ANSYS ® used in this model. The 
maximum number of elements was used to mesh the mandible anatomical model to 
minimise errors produced due to discretisation, within the limitation of the version of 
ANSYS ® used in this study. 
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4.5 Loading of Mandible Finite Element Model 
To investigate the biomechanics of the mandible and to explore its structural response 
under the action of biophysical forces during functional activity (i. e. mastication), it is 
necessary to model accurately the forces and boundary conditions the mandible is 
subjected to, which include: 
1. Masticatory muscle forces. 
2. External biting forces. 
3. Boundary conditions at temporomandibular joint. 
The following steps are taken to simulate the above forces and boundary conditions: 
4.5.1 Muscle Forces 
These have been discussed in detail in chapter three. Selected points are summarised 
below extended to the anatomical model. 
The physiological function of the mandible is a result of the action of various 
muscles, in this study mastication as a main function of the mandible is investigated. 
Thus the important muscles to be included in the analysis are the ones involved in 
generating closing and opening movements of the mandible. Below is a list of the 
muscles that were included in the analysis of mandible finite element model. 
Muscles involved in jaw closing movement (i. e. clenching, biting, etc. ): 
1. Superficial masseter 
2. Deep masseter 
3. Anterior part of temporalis muscle 
4. Posterior part of temporalis 
5. Medial pterygoid 
6. Superior head of lateral pterygoid 
Muscles involved in jaw opening movement (i. e. depressing the mandible): 
7. Digastric 
8. Inferior head of lateral pterygoid 
9. Mylohyoid 
All studies that are related to the biomechanics of the mandible found in the literature 
assume that muscles are attached to the mandible at single points through which the 
line of action of the muscle operates (Pruim et al., 1980; Koolstra and Van Eijden, 
1997; Peck et al., 2000; Trainor et al., 1995). These points of attachment represent the 
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centroids of the origins and insertions of masticatory muscles. In this study this 
approach wasn't adopted, instead it was decided that the approach to muscle 
modelling could be enhanced by modelling muscular attachments on the mandible as 
lines of contact instead of points, these lines represent the boundaries of muscles 
attachments on the mandible and should provide a more realistic modelling of 
muscular attachments. In order to accomplish this task an anatomically correct model 
of the mandible with muscular attachments was utilised, the model is shown figure 
4.5. 
Figure 4.5: Anatomical model showing muscular attachments. 
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In figure 4.5 numbers on muscle attachment regions correspond to the following 
muscles: 
1- Superficial and deep masseter 
24 Anterior and posterior temporalis 
3- Medial pterygoid 
4- Mylohyoid 
5 -i Superior and Inferior heads of lateral pterygoid 
64 Digastric 
Muscles lines of attachment were taken from this model and incorporated into the 
finite element model of the mandible as shown in figure 4.6. 
Figure 4.6: Muscles attached to the finite element model of the mandible. 
The orientation of masticatory muscles in space during the masticatory cycle was 
determined as shown in chapter three for the skull engineering model. The directional 
cosines found for lines of action of the masticatory muscles listed in table 3.6 
represent the instantaneous orientation of muscle force vector as the mandible rotates 
from maximum opening to the situation were the two occlusal planes are in contact. 
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These values are used to calculate muscle force components in x, y, and z directions 
as will be discussed in step five. 
In section 3.5.4 maximum forces the masticatory muscles could generate were 
determined. This was accomplished by following certain procedures, which relate 
muscle physiological cross-sectional area to the maximum force a muscle could 
generate during functional activity. These maximum forces were presented in table 
3.8. 
In section 3.5 a discussion was presented on how the transient loading of masticatory 
muscles was modelled during jaw opening and closing movements. This is crucial for 
accurate modelling of masticatory muscles during function. The force components for 
masticatory muscles used in the finite element model of the mandible, which were 
obtained following the procedure described in chapter three, are presented in table A. 1 
in appendix A. A graph showing variations in muscle forces during the masticatory 
cycle was given in the previous chapter and is repeated in figure 4.7 for easy 
reference. 
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Figure 4.7: Masticatory muscles forces variation with time during the masticatory cycle. (t=Os (jaw 
fully open), t= is (jaw fully close)) 
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4.5.2 Application of External Biting Forces 
After establishing loading conditions from various masticatory muscles, the next step 
is to determine input forces from the other source of loading on the mandible. These 
are the forces transmitted from food being chewed to the teeth and thence to the bony 
regions adjacent to teeth. These are termed the external biting forces. 
4.5.2.1 Possible locations for the application of external biting forces 
Basically, external biting forces can be applied at eight locations on the teeth, which 
are: 
- Central incisor 
- Lateral incisor 
- Cuspid 
- First and second premolars 
molars - 15tß 
2, or 3rd nd 
As shown in figure 4.8. 
`A 
A 
Uppar Taath 
... 
. 
c) 
/ CE>ritral Incisor (7-8 yr. ) 
S_ Cuspid or ca ri ina 
1-12 yr. ) 
pr4mc rtr or 
f_ 
.ý:, týýcu spit! (9-10 yr. ) 
1ý -- 
Sooorýr1 premolar or 
t,, ctispld (1 C-12 yr. ) 
_ 
ý- First molar (a-7 yr. ) 
Second molar 
(12--13 Yr-) 
Th{rd molar or `'ý- 
- wisdom tot, 
Possible locations for 
the applicatio 
y 
external biting forces ;> 
ý---- TP. rd mo18r or 
--f wisdom tooth 
- 
I 3L Iý 
_-j 
-- F=erst rcolar (H--7 yr. ) 
_' 
Lowor TaetFi - ý. ýý -ý £ýßcorýA premolar or ýý 
l-Y bicuspid (11-12 yr ) '' ý 
"ýj. J ty 
. Firs amolar or t pr 
., 
`ý- 
(9---1o yr. 
Cuspid or canlna 
, lT_ (9-10 Yr. ) 
Later ral incisor (7 -8 yr-) 
Central incisor (7-a yr. ) 
Figure 4.8: Possible locations for biting forces (Tortora and Grabowski, 1996). 
In this study biting forces were applied at various locations in order to investigate the 
effect of the variation of the location of external forces on the biomechanics of the 
mandible. Table 4.2 lists the locations of external forces adopted by researchers when 
studying the biomechanics of the mandible. 
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Table 4.2: Location, magnitude, and an gles of bite forces adopted by various researchers. 
Location of - Incisors - Second - First Seven 
bite loads - Canine Molar premolar mandibular 
- Premolars - Canine - First molar bite locations 
- First molar - Second - Second 
premolar molar 
Magnitude Range (310 - 693 200 - 800 N -Pl (mean= Reaching 2000 
of bite N) 316.5 N) N at 0.25 mm 
forces - M1 (482.5 interocclusal 
N) compression 
- M2 (378 N) 
Angle in 0 9° 0 N/A Perpendicular 
frontal (directed to occlusal 
plane medially) plane 
Angle in -9° - -36° 0- -20 ° N/A Perpendicular 
sagittal (directed (directed to occlusal 
plane anteriorly) anteriorly) plane 
In this study the following locations were chosen for the application of external biting 
forces: 
1. Central and lateral incisors. 
2.1st and 2nd molars. 
One of the reasons for choosing the above locations is to see the effect that going 
from anterior location (i. e. central incisor) to a posterior one (i. e. molar biting) would 
have on the biomechanics of the mandible and also to simulate actual mastication 
which involves multiple biting locations. 
4.5.2.2 Intrinsic Curvature of the Mandible 
A feature in the mandible that links directly to its loading is the curvature of the bony 
region adjacent to the occlusal plane as shown in figure 4.9. This feature has been 
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integrated in this study in the loading of the external forces. Care was taken in the 
construction of the geometry of the mandible model such that the intrinsic inclination 
of bony region adjacent to teeth is reflected in the finite element model. 
occlusal plane. 
Upon the application of external biting forces this intrinsic curvature of bony region 
adjacent to teeth generates a state of stress on the bony region which has compressive 
and bending components. This is believed to be important in the transmission of force 
from the upper surface of the teeth to the surrounding jawbone. 
4.5.2.3 Magnitude of External Biting Forces 
Table 4.3 lists the data used in this study to simulate biting forces. Data given in table 
4.3 was estimated from the information given in table 4.2 by realising that there is no 
fixed value for the biting force but rather a range and such the values listed in table 
4.3 are chosen to be within this range for the biting force. 
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Table 4.3: Biting forces applied to the mandible. 
Chapter Four/ Anatomical Model of the Human Mandible 
4.5.3 Fixation of Mandible Finite Element Model 
After establishing loading conditions from muscles and external forces, the remaining 
task is to determine the fixation of mandible finite element model. During its natural 
physiological function the mandible articulates with the skull via the 
temporomandibular joint (TMJ joint). This joint has no fixed centre of rotation, its 
motion is described as swing and slide (Koolstra and Van Eijden, 1997). 
Temporomandibular joint movement has been simulated by (Koolstra and Van 
Eijden, 1997). Figure 4.10 shows one simulation scenario. 
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Figure 4.10: Simulated jaw-closing movements (Koolstra and Van Eijden, 1997). 
As seen from figure 4.10 at the beginning of movement the condyle is positioned 
anteriorly, resting against the articular eminence of the skull. As the masticatory cycle 
progresses the joint undergoes a movement described as swing and slide (i. e. rotation 
and translation), where it rotates and slides backward (posteriorly) and upward into 
the posterior rim of the mandibular fossa. 
This natural movement of the joint was simulated in the finite element model of the 
mandible in this study in two ways. In the first the upper surfaces of the mandibular 
condyles are fixed. In the second approach a more sophisticated contact analysis is 
done allowing the mandible to articulate at the condyles. The former approach is 
described in this section whilst the latter is presented in a later section (4.8). 
4.6 Solution Method 
Transient dynamic analysis is used to solve the mandible finite element model. Hence 
loads applied to the model are time-dependent and this analysis method is suitable for 
such loading conditions. Also, as explained in section 3.5.3 the time the mandible 
takes to complete one masticatory cycle was divided into 11 time steps such that at 
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each step forces acting on the model are defined in magnitude and direction (see 
appendix A). This specifies the load vectors acting on the model at any time step. 
A programme written in Ansys Parametric Design Language (APDL) is used to load 
the finite element model at each time step (t). A sample listing of the programme is 
show next: 
Muscles included 
Superficial masseter 
! Deep masseter 
Anterior temporalis: 
! Posterior temporalis: 
! Medial pterygoid 
Lateral pterygoid (Superior Head) 
Lateral pterygoid (Inferior Head) 
Digastric muscle 
t Mylohyoid including all four portions of the muscle 
/FILNAM, FORCES 
1 /TITLE, FORCES 
/PREP7 
FINISH 
/SOLD 
ANTYPE, TRANS 
TRNOPT, FULL 
! Load step 1 
! SUPERFICIAL MASSETER 
RIGHT SIDE of the mandible 
Forces are applied on specified nodes as follows: 
Force, Node #, Force component, Force magnitude (N) 
F, 705, FX, 1.65 
F, 705, FY, 8.24 
F, 705, FZ, 4.74 
F, 724, FX, 1.65 
F, 724, FY, 8.24 
F, 724, FZ, 4.74 
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! LEFT SIDE of mandible 
F, 120, FX, -1.65 
F, 120, FY, 8.24 
F, 120, FZ, 4.74 
F, 176, FX, -1.65 
F, 176, FY, 8.24 
F, 176, FZ, 4.74 
DEEP MASSETER 
1 RIGHT SIDE 
F, 808, FX, 0.87 
F, 808, FY, 2.3 
F, 808, FZ, 0.08 
F, 824, FX, 0.87 
F, 824, FY, 2.3 
F, 824, FZ, 0.08 
! LEFT SIDE 
F, 237, FX, -0.87 
F, 237, FY, 2.3 
F, 237, FZ, 0.08 
F, 241, FX, -0.87 
F, 241, FY, 2.3 
F, 241, FZ, 0.08 
Other muscles are included in a similar fashion to what is shown 
above. 
! Gravity effect is included as follows: 
Acceleration due to gravity, x-component, y-component, z-component 
ACEL, 0, -9.81,0 
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NSUBST, 1 
KBC, O 
OUTRES, ALL, 1 
OUTPR, BASIC, 1 
TIME, 0.1 I Time at the end of load step = 0.1 s 
LSWRITE, 1 
! Initiation of solution 
SOLVE 
! LOAD STEP 2 
New magnitudes and orientations for masticatory muscles' forces 
! are applied in this load step and similarly in other load steps 
1 LOAD STEP 2 
For complete listing of the programme refer to appendix B. 
4.7 Results 
4.7.1 Introduction 
Three loading scenarios are investigated, the first one being unilateral biting where 
300 N of biting force is applied on ls` and 2nd molars on one side of the mandible, the 
second is bilateral biting where 100 N is applied on both incisors, and the third 
scenario is when masticatory muscle forces only are active. The magnitude and 
direction of muscle forces are taken at time = 0.6 s (i. e. at the load step where 
maximum muscular forces are generated). The justification for choosing this time step 
is two folds; the first is that at this time step the distance between the upper and lower 
teeth corresponds to the distance the object being chewed occupies and thus 
maximum force from muscles is needed to crush the object, the second reason for 
choosing this time step is that as seen from (Koolstra and Van Eijden, 1997a, b) study 
maximum muscle forces occur at this time step which corresponds to about 100 of jaw 
closing angle. Figure 4.11 shows the steps followed in presenting the results of the 
mandible finite element model. 
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Presentation of the results obtained from mandible finite element model 
Mandible finite element model 
Loading scenarios 
Loading scenario (1) Loading scenario (2) Loading scenario (3) 
Unilateral biting Bilateral biting Muscle loading only 
Forces generated from muscles and biting forces Forces generated from muscles and biting forces Only forces generated from masticatory muscles 
are applied simultaneously are applied simultansously are applied 
---- --- --- --- --- -- ------ 
Biting forces are applied on 1st and 2nd molars Biting forces are applied on both incisors Muscle forces are applied symmetrically on both 
on one side of the mandible sides of the mandible 
Presentation of results. Presentation of results: Presentation of results: 
- Deformed structure - 
Deformed structure - Deformed structure 
Overall stress contour plots - Overall stress contour plots !, - Overall stress contour plots 
-Analysis of selected paths 
Analysis of selected paths - Analysis of selected paths 
Comparison is then done between loading scenario (3) and 
the remaining two with respect to the following: 
Deformed structure 
Stress (Von Mtses, principles) 
Figure 4.11: Chart showing steps followed in presenting the results of mandible finite element model. 
4.7.2 Loading Scenario (1): Unilateral Biting 
In this loading scenario 300 N representing a bite force is applied on the 1st and 2 °d 
molars as shown in figure 4.12 in addition to masticatory muscle forces. 
force. 
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Investigation of the biomechanics of the mandible for this loading scenario is done by 
analysing three main parameters: 
1. Deformed shape 
2. Overall state of stress (von Mises and principal stresses) 
3. Analysis of selected paths 
4.7.2.1 Deformed Shape 
Figures 4.13 and 4.14 show deformed shape and displacements of the mandible model 
due to the application of masticatory muscle forces and 300 N of biting force. 
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Figure 4.13: Deformed shape of the mandible (loading scenario (1)) 
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Figure 4.14: Contour plots of the displacements of mandible model (UX, UY, UZ, and USUM in (m)) 
Figure 4.14 shows that the mandible is deformed anteriorly in the +z direction and 
superiorly in the +y direction. In figure 4.14 displacement of the mandible in the x 
direction indicates that the coronoid processes, angles, and the body of the mandible 
are being deformed laterally generating a bending moment as shown in figure 4.15. 
III 
Figure 4.15: Bending moment on the mandible resulting from UX. 
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Whereas displacements of the mandible in y and z directions generate a rotation on 
the structure as shown in figure 4.16. 
An important aspect that is linked to understanding the biomechanics of the mandible 
is the orientation of the resultant of mandibular displacements; which is shown in 
figure 4.17. Here it can be clearly seen that the mandible rotates about the TMJ. 
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Figure 4.17: Orientation of the resultant of mandibular displacements. 
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4.7.2.2 Overall State of Stress within the Mandible 
Figure 4.18 shows von Mises stress distribution within the mandible. It can be 
observed from the figure that very high stresses are experienced within the bony 
region adjacent to the TMJ (i. e. where the mandible is constrained). One of the 
reasons for this high state of stress at the TMJ region is that a line at the mandibular 
condyle is fixed for all degrees of freedom which would generate these high stresses. 
However, the value of this stress is about 70 MPa, which is less than bone fracture 
stress, which is about 200 MPa (Evans, 1973) for dry bone. 
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Figure 4.18: Von Mises stress distribution within mandible model. 
Another region of high stress found in the model is below the mandibular condyle 
around the mandibular notch. The reason for this high stress is that the bony region at 
this location is thinner than other regions and is subjected to two bending moments, 
one about the x axis and the other about the z axis. To investigate stresses at other 
regions of the mandible, the contour stress value was limited to an upper value of 25 
MPa. As shown in figure 4.19, high stress regions are seen at muscle attachments to 
the mandible, bony region adjacent to teeth, and the medial-anterior region of the 
body of the mandible. 
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Figure 4.19: Von Mises stress distribution of mandible model (stress contour upper limit = 25 MPa). 
To gain more insights into the biomechanics of the mandible it is helpful to 
investigate minimum principal (compressive) and maximum (tensile) stresses within 
the model. Principal compressive stresses within the mandible model are shown in 
figure 4.20. It can be seen that maximum compressive stresses are seen at muscular 
attachment regions, examples can be seen at masseter and medial pterygoid 
attachments. It is interesting to note that at the anterior body of the mandible high 
compressive stresses exist which could be partly explained by the action of the 
bending moment acting on the mandible as shown in figure 4.15. Another observation 
can be made regarding the existence of a compressive loading environment within the 
bony region starting from muscular attachments to the occlusal plane (i. e. the region 
where external biting forces are applied) shown by the dashed black line in figure 
4.20. This loading regime is believed to generate compressive stresses acting on the 
object being chewed thus aiding in accomplishing masticatory function in crushing 
that object. 
Large compressive stresses are seen within the mandibular condyles. Having a 
compressive loading regime within the condyles is physiologically favourable, as it is 
believed to aid in joint stabilisation during function in reducing the risk of joint 
dislocations. 
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Figure 4.20: Minimum principal (compressive) stress within mandible anatomical model. 
Principal tensile stresses are shown in figure 4.21. Large tensile stresses are seen on 
the inner surface of the anterior region of the body of the mandible, which could be 
partly explained by the bending moment acting on the mandible shown in figure 4.15. 
Large tensile stresses are also seen along the posterior region of the neck of 
mandibular condyles. This could be partly explained by the bending moment acting 
on the mandible shown in figure 4.16, which places the posterior region of the neck of 
the condyle under tensile stresses and the anterior region under compressive stresses. 
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Figure 4.21: Maximum principal (tensile) stress within mandible anatomical model. 
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It is expected to find high stresses at the points of the application of muscular forces. 
An interesting feature seen in the results is that bony regions adjacent to teeth 
experience high stresses both on the working side (i. e. side experiencing muscle and 
bite forces) and non-working side (i. e. side experiencing muscles forces only). An 
explanation for this feature could be seen by looking at how masticatory muscles load 
the mandible. Figure 4.22 shows two examples of muscle loading (namely masseter 
and temporalis muscles) acting on the mandible. These muscles generate 
deformations and stresses within the mandible as indicated by the green arrows, thus 
placing the bony region adjacent to teeth in a state of high stress. 
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Figure 4.22: Loading of masseter and temporalis muscles on the mandible. 
Chapter Four /Anatomical Model of the Human Mandible 
Further consideration includes looking at figure 4.22, which shows the loading of 
masseter muscle onto the mandible. Upon activation, the masseter muscle will 
generate forces within the mandible along a structural element, as shown in figure 
4.22. This structural element acts as a conduit, which transmits these forces and 
resulting deformations from the source (i. e. muscular attachment) to the target (in this 
case bony region adjacent to teeth) causing deformations within it and then causing 
displacements of teeth. It would seem possible to predict highly stressed regions since 
looking at the orientation of muscular force acting on the mandible it is possible to 
know the structural element this force will be transferred through and the target. 
Along this structural element and target high stresses are expected to be found as seen 
in the results obtained from the model. 
It is helpful to investigate stress values at different locations on the mandible for 
various loading scenarios. To that end nodes were selected on the mandible as shown 
in figure 4.23 and stress values at these nodes are listed in table 4.4. It can be seen that 
at nodes (Nodes # 1095 and 511) near to mandibular condyles compressive stresses 
dominate. The same trend can be seen in the node at muscular attachment region 
(Node # 776). This result could be explained by looking at the orientation by which 
the masseter muscle loads the structure shown in figure 4.22. It can be seen from the 
figure that forces generated from masseter muscle compress the bony volume 
indicated to by the green arrows, thus it is predicted that compressive stresses will 
dominate these bony regions which is reflected in the results. 
The node at the anterior body of the mandible (Node # 1573) compressive stresses 
dominate. An explanation for this result has been given when discussing principal 
compressive stresses within the model. The node located at the bony region adjacent 
to the occlusal plane (Node # 1588) is of special interest since it is located at a bony 
region where the interaction'of muscular and external biting forces occurs. It can be 
seen from the results that compressive stresses dominate this region. This result is 
interesting since bone has its maximum stiffness when it is under compression, thus 
having bone under a predominately compressive environment is physiologically 
favourable since it minimises resulting deformations which is a major requirement for 
load handling structures. 
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Table 4.4: Principal tensile, compressive, and von Mises stresses for selected nodes shown in figure 
4.23. 
4.7.2.3 Analysis of Selected Paths on the Mandible Model 
Since handling of the forces generated from external biting and muscles occur at bony 
regions close to the occlusal plane, it is worth investigating in detail the stress state 
within these bony regions. This is achieved by defining a path along this region as 
shown in figure 4.24. 
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Figure 4.23: Nodes selected at locations of interest within mandible model. 
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Figure 4.24: Path defined on outer and inner bony surfaces (R: path defined on outer surface, RI: path 
defined on inner surface) 
a) Von Mises Stress along Path (R) 
Figure 4.25 shows von Mises stress along path (R), it can be seen that maximum 
stress is found on the upper part of the path (i. e. point 2 shown in figure 4.24), also it 
is noticed that stress doubles going from the inferior portion of the path to the superior 
part. It can be seen in figure 4.25 that there is a change in stress gradient along the 
path. This can be explained by noticing that along the path there are shape changes in 
the curvature of the mandible which cause changes in stress gradients. 
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Mapping principal stresses (s, (maximum tensile stresses), s3 (maximum compressive 
stresses)) along path (R) shown in figure 4.26 indicates that the dominant stress state 
along the path is compressive. This can be explained by investigating the orientation 
of the force generated by the masseter muscle, which compresses the bony region 
along the path resulting in a predominantly compressive state of stress. This state of 
stress is believed to be beneficial in accomplishing masticatory function in crushing 
the object being chewed by generating compressive stresses within it. 
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Figure 4.26: Principal stresses (s1, s3) along path (R). (s=0 m is point 1 in figure 4.24, s= 0.0242 in is 
point 2 in figure 4.24) 
Investigation of stress state along path (RI) shown in figure 4.24 reveals that 
maximum stress is experienced along the superior portion of the path (i. e. bony region 
adjacent to teeth). The explanation for this stress distribution could be found from the 
manner in which masticatory muscles attached to the inner surface of the mandible 
load the structure as shown in figure 4.22. 
4.7.3 Loading Scenario (2): Bilateral Biting 
A biting force of 100 N is distributed on the right and left incisors in addition to 
masticatory muscle forces to simulate incisor bilateral biting, as shown in figure 4.27. 
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Figure 4.27: Finite element model of the mandible with the application of 100 N of external biting 
force on incisors. 
In a similar manner to the analysis of the first loading scenario, analysis of the 
biomechanics of the mandible for this loading scenario is done by investigating three 
main parameters: 
1. Deformed shape 
2. Overall state of stress (von Mises and principal stresses) 
3. Analysis of selected paths 
4.7.3.1 Deformed Shape 
In figures 4.28 and 4.29 the deformed shape and displacements of the mandible model 
due to the application of masticatory muscle forces and 100 N biting force are shown. 
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Deformed shape and displacement patterns of the mandible in loading scenario (2) are 
similar to those generated due to the first loading scenario. However, displacement 
values in all directions are larger in the second loading scenario compared to the first. 
This observation highlights an important aspect in the biomechanics of the mandible 
which is the dominance of masticatory muscle forces in generating displacement 
patterns within the mandible, since the orientation of the displacements generated due 
to muscular forces is to a large extent unaffected by the placement of a biting force. 
However, the magnitude of these displacement is affected by the magnitude of the 
biting force such that increasing the biting force causes a decrease in the magnitude of 
mandibular displacements. This is because biting force opposes muscle force. 
This observation is further highlighted by comparing figure 4.30 which shows the 
orientation of mandibular displacements for the second loading case with figure 4.17 
which shows these displacements for the first loading case. It is apparent that the 
orientations of mandibular displacements are similar in both scenarios with a 
reduction in the magnitude of these displacements for the first loading case compared 
to the second. 
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4.7.3.2 Overall State of Stress within the Mandible 
The overall state of stress within the mandible for this loading scenario is similar to 
that of the first, in the sense that the distribution of regions of high stresses are similar 
in both cases. However, higher stresses are experienced in the region near to the TMJ 
in this loading scenario and this could be explained by the fact that smaller biting 
forces are used in this loading scenario which would necessitate larger reaction forces 
at the joint which would in turn generate higher stresses in the bony regions near the 
TMJ. Von Mises stresses for this loading scenario is shown in figure 4.31 and the 
explanation for this distribution is similar to the one given for the first loading 
scenario. 
Figure 4.32 shows principal compressive stresses within the model. It can be seen that 
maximum compressive stresses are seen at muscular attachment regions, anterior 
region of the body of the mandible, and bony regions adjacent to the points of the 
application of external biting forces (i. e. bony regions adjacent to the incisors). Large 
tensile stresses are seen along the inner surface of the anterior region of the body of 
the mandible and at the anterior region of the ramus as shown in figure 4.33. This 
result could be explained by studying how masticatory muscles load the structure as 
shown in figure 4.22. 
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Figure 4.33: Maximum principal (tensile) stresses within the mandible model. 
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Comparing the results of the selected nodes shown in figure 4.23 for the first loading 
scenario with the values obtained for the second loading scenario which are listed in 
table 4.5. It can be seen that nodes on the mandibular condyles experience larger 
compressive force in the second loading scenario. This result could be partly 
explained by the fact that in the second loading scenario a smaller external biting 
force is applied and thus larger reaction forces are experienced at the condyles 
resulting in higher compressive stresses. It also can be seen that the node at masseter 
muscle attachment (Node # 776) experiences similar stresses in both loading cases. 
Table 4.5: Principal tensile, compressive, and von Mises stresses for selected nodes shown in figure 
4.23. 
Node Number 
Molar biting (constrained condyles) Si (MPa) 
1095 
0.21 
511 
0.4 
776 
0.22 
1588 
0.34 
1573 
0.95 
S3 (MPa) -26.8 -24.5 -5.1 -1.98 -4.63 
Von Mises (MPa) 25.24 24.4 5.2 2.1 5.3 
Incisor biting (constrained condyles) Si (MPa) -2.2 3.3 0.61 1.77 0.12 
S3 (MPa) -64.6 -46 -5.4 -0.28 -3.3 
Von Mises (MPa) 59 47.7 5.7 1.8 3.1 
4.7.3.3 Analysis of Selected Paths on the Mandible Model 
As was the case in the first loading scenario a path was chosen along the bony region 
adjacent to the points where external biting forces are applied in order to investigate 
the state of stress within the bony region at that location. The path used is shown in 
figure 4.34. 
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Figure 4.34: Path defined along anterior bony region. 
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Figure 4.35 shows von Mises, principal compressive, and tensile stresses along the 
path. It can be seen that compressive stresses dominate the bony region defined by the 
path since the magnitude of compressive stresses are comparable to von Mises 
stresses. This result correlates with the function of the mandible as a load handling 
structure since maximum stiffness is seen in bone when it is under compression 
resulting in minimum deformations, which is a main requirement in a load handling 
structure. 
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4.7.4 Loading Scenario (3): Masticatory Muscles Loading Only 
In this loading scenario the mandible is loaded only by forces generated from 
masticatory muscles. It has to be said at this stage that this loading condition (at 
maximum biting) does not actually occur during mastication. However, the reason for 
studying this loading scenario is to try to ascertain whether the dominant source of the 
stresses seen in previous loading scenarios comes from the action of masticatory 
muscles or external biting forces. Finite element analysis allows the isolation of 
muscle forces from external biting forces to study the relative contribution of each in 
generating mandibular deformations and stresses. The importance of such an 
undertaking can be seen from (Meijeret al., 1992,1993,1994,1996; Thresher et al., 
1973; Teixieria et al., 1998) studies where emphasis has been put on external biting 
forces in the design of mandibular implants and in ascertaining the quality and 
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stresses within the bone surrounding the implant. No mentioning was made of 
muscular forces and deformations generated from these forces in the analysis. This 
could lead to neglecting the contribution of a main source of biophysical energy to the 
mandible, which would affect bone quality and short and long term stability of the 
implant. 
Figure 4.6 shows the mandible model with masticatory muscles forces applied to it; a 
point to be mentioned here is that there is no risk of excessive rotation of the model. 
Even though there is no resistance (i. e. no external biting force) in this loading 
scenario the model is constrained at the TMJ. This leads to the conclusion that the 
main difference between this loading case and others is the absence of external biting 
forces. Thus this loading scenario will allow the study of the contribution of 
masticatory muscles forces with no risk of other factors affecting the results obtained 
in this loading case. 
4.7.4.1 Deformed Shape 
Figures 4.36,4.37, and 4.38 show the deformed shape and displacement patterns for 
the mandible for this loading case at time t=0.6s. Comparing these displacements in 
orientation and magnitude to those obtained in loading scenarios 1 and 2, it can be 
seen that the orientations are similar. However, upon the application of external biting 
forces there is a reduction in the magnitude of these displacements. 
It is also worth noticing that upon the application of external biting forces as in 
loading scenario 1 and 2 there is no reversal or alterations in the orientation of 
displacement patterns. This observation establishes an important feature which is that 
masticatory muscles are the dominant source of energy in generating displacements 
within the mandible and not external biting forces. 
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Figure 4.36: Deformed shape of the mandible (loading scenario (3)) 
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Figure 4.39: Von Mises stress distribution within the mandible for loading scenario (3). 
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Figure 4.38: Orientation of the resultant of mandibular displacements for loading scenario (3). 
4.7.4.2 Overall State of Stress within the Mandible 
In figure 4.39 von Mises stress distribution within the mandible is shown. The regions 
of high stresses for this loading scenario correspond to the same locations of high 
stresses seen in previous loading scenarios. However, higher stresses are seen for 
muscle loading only which further highlights the previous observation regarding 
muscles as the main source of biophysical force generating displacements within the 
mandible. 
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Comparing the stress values for selected nodes shown in figure 4.23 for this loading 
scenario with the previous ones listed in table 4.6. It can be seen from the table that 
large compressive stresses are found within mandibular condyles. These large stresses 
could be partly explained due to the large reaction forces transmitted within the 
mandibular condyles when no external biting forces applied to the mandible. An 
interesting result can be seen in the value of von Mises stress at the molar region 
(Node # 1588). Such that maximum overall stress value is found when no external 
biting forces are applied to the mandible (i. e. loading scenario 3), which highlights the 
importance of muscular input to the mandible and its being the main source of energy 
compressing the bony region adjacent to the object being chewed which results in 
compressive stresses within the object aiding in accomplishing masticatory function. 
Table 4.6: Principal tensile, compressive, and von Mises stresses for selected nodes shown in figure 
4.23. 
SIR 
Molar biting (constrained condyles) S1 (MPa) 0.21 10.4 0.22 0.34 0.95 
S3 (MPa) -26.8 -24.5 -5.1 -1.98 -4.63 
Von Mises (MPa) 25.24 24.4 5.2 2.1 5.3 
Incisor biting (constrained condyles) Si (MPa) -2.2 3.3 0.61 1.77 0.12 
S3 (MPa) -64.6 -46 -5.4 -0.28 -3.3 
Von Mises (MPa) 59 47.7 5.7 1.8 3.1 
Muscle biting only (constrained condyles) S1 
(MPa) 
-3.1 5.6 1.2 3.2 0.41 
S3 (MPa) -99.7 -71.1 -4.7 -1.51 -3.3 
Von Mises (MPa) 91.2 74.4 5.4 4.12 3.4 
4.7.4.3 Analysis of Selected Paths on the Mandible Model 
It is important to compare the state of stress within the bony regions adjacent to teeth 
in the case of combined loading scenario (i. e. where muscle and external biting forces 
are applied) and loading scenario 3 (i. e. where only muscle forces are applied). These 
are the regions where the main load handling takes place and this identifies these 
regions to be important when studying the biomechanics of the mandible. 
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Figure 4.40 shows a comparison of von Mises stress distribution for loading scenarios 
1 and 3, as seen from the figure there is a large reduction in von Mises stress upon the 
application of external biting forces. 
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Figure 4.40: Von Mises stress along path (R) for loading scenarios 1 and 3. (s=0 in is point 1 in figure 
4.24, s=0.025m is point 2 in figure 4.24) 
The reduction in the overall state of stress within the bony region at this region further 
indicates that masticatory muscles generate the dominant stresses and strains in 
magnitude and orientation within the mandible, the evidence for this can be listed in 
the following points: 
1. Upon application of external biting forces and changing biting locations no 
change in the orientation of displacements within the mandible occurs. 
2. Upon increasing external biting forces as seen in loading scenarios 1 and 2, stress 
levels decrease which further highlights the fact that these external biting forces 
are not the dominant source of deformations and stresses within the mandible, 
otherwise there would have been an increase in the overall state of stress and 
displacements upon increasing external biting forces. 
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4.8 Contact Analysis 
4.8.1 Introduction 
In an attempt to add an additional degree of realism to the anatomical model of the 
mandible, contact modelling at the TMJ has been included. Surface-to-surface contact 
elements are used at two boundaries, the first being the mandibular condyle as a 
"contact" surface, the other is called a "target" surface and in this case it is the surface 
of the proximal portion of temporal bone of the skull. 
4.8.2 Modelling of the TMJ 
The TMJ was modelled using splines defined along the lateral, central, and medial 
parts of the space where the mandible articulates with the skull. The splines are shown 
in figure 4.41. 
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Figure 4.41: Splines used to model the articulating surfaces of the temporomandibular joint with the 
skull. 
These splines are converted into volumes by constructing areas through the splines 
and then defining volumes from these areas. These represent the bony structures 
where the mandible articulates with the skull. These volumes are then meshed as 
shown in figure 4.42. 
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The mandible is allowed to slide and rotate along the inner surface of the two volumes 
shown in figure 4.42, thus mimicking the actual swing and slide movement of the 
mandible with the skull and the movement of the TMJ joint. The final model of the 
mandible and TMJ is shown in figure 4.43. Zoom view is seen in figure 4.44 showing 
the mandibular condyle and the surface of the proximal portion of the temporal bone. 
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Figure 4.43: Finite element model of the mandible and TMJ. 
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Figure 4.44: Surface of proximal portion of temporal bone onto which mandibular condyle is 
constrained to move. 
4.8.3 Elements used 
In order to perform contact analysis the following elements are used. 
- Targe170 
Terget Segment Element 
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Figure 4.45: TARGE 170 (target surface element) 
This element shown in figure 4.45 is used to represent various 3D deformable target 
surfaces. This is appropriate to represent the proximal surface of the temporal bone of 
the skull. 
- Conta174 
RN 
xllý 
Surface of Solid/Shell Element 
Figure 4.46: CONTA 174 (3D surface-to-surface contact element) 
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This element shown in figure 4.46 is used to model contact and sliding between 3D 
target surface (TARGE 170) and a deformable surface defined by this element. Figures 
4.47 and 4.48 show mandible anatomical model with contact elements used to model 
the contact between mandibular condyles and proximal portion of temporal bone of 
the skull. The figures also show the normals of the contact and target elements 
pointing toward each other. This is a requirement in contact analysis. 
Figure 4.47: Contact elements used to model the link between mandibular condyle and proximal part 
of temporal bone. 
Table 4.7 lists the specifications of contact elements used in mandible anatomical 
model. 
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Table 4.7: Specifications of contact elements used in mandible anatomical model. 
FRAM 
Number of nodes 88 
Keyoption number 5 Close gap or reduce 
penetration if it exists 
making a "just in touch" 
situation between contact 
and target surfaces 
Friction model Standard (sliding and 
rolling are permitted) 
Dimensionality Used to model 3D target Used to represent contact 
surfaces and sliding between 3D 
target surfaces 
Contact classification Flexible-to-flexible Flexible-to-flexible 
It is worth mentioning that the solution routine used in contact analysis is non-linear. 
Other parameters such as muscle loading, external biting forces, gravity effect, etc. 
are the same for the case where contact elements are used and when mandibular 
condyles are constrained. To obtain a converged solution it is important to establish 
"just in touch" conditions between the contacting surfaces at the beginning of the 
solution routine. This is achieved in ANSYS ® using an option called "gap and/or 
penetration reduction" which determines whether a gap or too much penetration exists 
between the contacting surfaces at the beginning of the solution routine and then 
closes the gap or reduces the penetration accordingly to get the two surfaces to be in 
"just in touch" condition. 
4.8.4 Results obtained from Contact Analysis 
4.8.4.1 Reaction Forces at Mandibular Condyles 
An important aspect to investigate is the amount of force being handled at the 
temporomandibular joint during mastication. Determining this force will shed further 
insights into the biomechanics of the mandible regarding the TMJ, which has many 
clinical implications. This force can be determined by listing reaction forces at the 
constraints. In the case of the mandible anatomical model two boundary conditions at 
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the TMJ have been applied. These boundary conditions and the corresponding 
reaction forces are given next: 
1. Condyles constrained (as in section 4.5): 
In this case reaction forces at each condyle are predominately in y direction 
(vertical) having a force y-component of 439.1 N. 
2. Contact analysis: 
For the case where contact elements are used to model the TMJ, reaction forces at 
the joint are also predominately in y direction (vertical) having a magnitude of 
379 N for loading corresponding to load scenario (1). Comparing this value to a 
value reported in the literature of 260 N (May et al., 2001) shows reasonable 
correlation. The difference between this published value and what is obtained 
from mandible anatomical model is about 31.4 %. One of the main reasons for this 
difference can be attributed to the fact that (May et al., 2001) used only four 
masticatory muscles compared to nine muscles used in mandible anatomical 
model, in addition to other differences between both models. The difference in the 
magnitude of reaction forces at the TMJ for both cases (i. e. constrained condyles 
and contact elements) is about a 10% reduction for the contact elements. 
However, there is no change in the orientation of the reaction forces at the TMJ in 
both cases. 
4.8.4.2 Contact Parameters 
In this section the status of the contact between mandibular condyles and proximal 
surface of temporal bone is investigated. As such the following parameters are 
investigated: 
a) Contact status: 
ANSYS assigns values for the status of the contact such that the value of 3 
indicates that the contacting surfaces are closed and sticking, 2 indicates closed 
and sliding, 1 open but near contact, and 0 indicates open and not near contact. 
Figure 4.48 shows contact status, it can be seen that contact occurs at the superior 
and anterior surfaces of the condyles. Contact status values indicate that the two 
surfaces are not closed and sticking but rather were closed and sliding is occurring 
between them. This correlates with studies done on the TMJ, which showed that 
the motion of the joint could be described by "swing and slide" (Koolstra and Van 
Eijden, 1997; peck et al., 2000). 
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Figure 4.48: Contact status for mandible anatomical model. 
b) Contact pressure 
For the case of flexible-to-flexible contact, the contact elements provide true 
pressure and friction stress. It is useful to investigate the contribution of each. 
Figure 4.49 shows total stress at contact surfaces (total stress is defined as the 
contact pressure plus friction) and figure 4.50 shows stresses generated due to 
friction between the two surfaces, it is clear that contact pressure is dominant over 
friction stresses such that friction stress comprises about 14% of the total stress 
experienced by the joint. This result for contact pressure correlates with the results 
obtained so far such that it has been found that there is always a compressive state 
of stress at the joint, which would generate contact pressure between the 
articulating surfaces. 
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Figure 4.49: Total stress experienced at TMJ. 
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Figure 4.50: Friction stress at TMJ. 
4.8.4.3 Deformed Shape 
Figures 4.51-4.53 show the deformed shape, orientation, and magnitude of 
displacements for mandible anatomical model. From these figures it can be seen that 
the orientations of displacements are similar to those found in the case of constrained 
condyles shown in figures 4.13,4.14 and 4.17. However, a reduction in displacement 
magnitudes are seen in the case where contact elements are used at the TMJ. 
An explanation for this could be found by studying figure 4.53. The mandibular 
condyles displace by a certain amount vertically and horizontally at the TMJ. Thus 
performing sliding motion and displacements in addition to deformations generated 
within the body of the mandible due to "cantilever effect". With the constrained TMJ, 
the condyles are not allowed to be displaced vertically or horizontally, thus 
displacements within the model would result mainly from deformations generated 
within the body of the mandible due to "cantilever effect" and thus larger 
displacements would result in the case of the constrained model. 
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Figure 4.51: Deformed shape of the mandible (contact elements are used at TMJ). 
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Figure 4.52: Orientation of the resultant of mandibular displacements for contact analysis. 
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Figure 4.53: Contour plots of the displacements of mandible model (UX, UY, UZ, and USUM in (m)) 
4.8.4.4 Overall State of Stress 
Figure 4.54 shows von Mises stresses within the model. Comparing this figure with 
figure 4.19 (for the constrained case) it can be seen that similar locations within the 
model experience high stresses and the explanation given for the results obtained in 
figure 4.22 are applicable for this case as well. 
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Figure 4.54: Von Mises stress distribution within the mandible for loading scenario (1). 
Figure 4.55 shows principal compressive stresses within the model. Locations of high 
compressive stresses are seen at muscular attachments regions, anterior body of the 
mandible, mandibular condyles, and the regions of the application of external biting 
forces. The results obtained in this case where contact elements are used at the upper 
surfaces of the condyles are similar to those obtained in the case where the condyles 
are constrained. The bony region extending from muscular attachment regions to the 
bony region at the occlusal plane shown by the black dashed line in figure 4.55. This 
result gives an insight into the significance of the orientation of muscular loading onto 
the mandible, such that the masseter muscle generates compressive stresses 
propagating from the attachment region to the bony region adjacent to the occlusal 
plane as shown by the black arrow in figure 4.55. This will generate compressive 
stresses within the object being chewed aiding in accomplishing masticatory function 
in crushing the object being chewed. 
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Figure 4.55: Principal compressive stress within the mandible for loading scenario (1). 
Figure 4.56 shows principal tensile stresses within the mandible model. Similar 
results are obtained in the case when contact elements are used at the upper surface of 
the condyles to those obtained for constrained condyles. 
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Figure 4.56: Principal tensile stress within the mandible for loading scenario (1). 
Table 4.8 lists principal tensile, compressive, and von Mises stresses for selected 
nodes shown in figure 4.23. It can be seen from the table that compressive stresses are 
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reduced within the condyle on the working side (i. e. the side where muscles and 
external biting forces are applied) compared to the non-working side (i. e. side 
experiencing muscle forces only). It is also noticed from table 4.8 that main 
differences between the case where the condyles were constrained to the case where 
contact elements are used at the upper surface of the condyles exist in stress values 
experienced by the condyles and not other regions like muscular attachments and 
bony region at the molar region. 
Table 4.8: Principal tensile, compressive, and von Mises stresses for selected nodes shown in figure 
4.23. 
iiiliý:! ill;; I ON 
Molar biting (constrained condyles) S1 (MP 0.4 0.22 0.34 0.95 
S3 (MPa) 
7 
-24.5 -5.1 -1.98 -4.63 
Von Mises (MPa) 5.24 24.4 5.2 2.1 5.3 
Incisor biting (constrained condyles) S1 (MP 2.2 3.3 0.61 1.77 0.12 
S3 (MPa) -64.6 -46 -5.4 -0.28 -3.3 
Von Mises (MPa) 59 47.7 5.7 1.8 3.1 
Muscle biting only (constrained condyles) S1 
(MPa) 
-3.1 5.6 1.2 3.2 0.41 
S3 (MPa) -99.7 -71.1 -4.7 -1.51 -3.3 
Von Mises (MPa) 91.2 74.4 5.4 4.12 3.4 
Molar biting (contact elements) S1 (MPa) -0.29 -0.94 0.12 0.72 0.69 
S3 (MPa) -20.4 -24.7 -5.2 -2.5 -3.5 
Von Mises (MPa) 18.7 23.4 5.2 2.84 4 
4.8.4.5 Stress along Path (R) shown in Figure 4.24 
In figure 4.57 stresses along the path (R) (defined in figure 4.24) is shown. It can be 
seen from the results that similar results are obtained with regard to stress distribution 
along the path in the case of constrained condyles. The explanation given for results 
shown in figure 4.22 are applicable in this case as well. 
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Figure 4.57: Von Mises stress along the path (R) superimposed on the geometry of the model. 
4.9 Comparison of Skull Engineering Model and Mandible 
Anatomical Model 
The skull engineering model is based on a simplified geometry for the craniofacial 
skeleton. Thus to establish robustness in the results obtained from it, it is helpful to 
compare stress patterns obtained from the engineering model with those obtained 
from the anatomical model of the mandible described in this chapter. 
Figure 4.58 shows von Mises stresses within the mandible of the engineering model 
of the skull. Comparing this figure with figure 4.19, it can be seen that high stresses 
are experienced within similar regions in both models, for example at muscles 
attachments, bone adjacent to teeth, and anterior body of the mandible. 
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Figure 4.58: Von Mises stress within mandible engineering model. 
Figure 4.59 shows von Mises stresses along a path defined as shown within the 
mandible of skull engineering model, likewise figure 4.60 shows von Mises stresses 
along a similar path defined within mandible anatomical model. 
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Figure 4.59: Von Mises stress distribution along part of the mandible in skull engineering model. 
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Figure 4.60: Von Mises stress distribution along a path taken in the mandible anatomical model. 
From previous figures it is apparent that stress patterns are similar in both models, 
which gives more confidence in the results obtained from the engineering model in 
which a simplified approach was taken in modelling the geometry of the craniofacial 
skeleton. 
4.10 Conclusions 
- Development of an anatomical model for the human mandible is presented in this 
chapter. This includes generation of the geometry, assigning material properties, 
deciding on elements to be used, and loading of the model. 
- Muscle loading is applied in a similar fashion to that in skull engineering model 
presented in chapter three. 
Fixation of mandible anatomical model is done in two ways. The first is by 
constraining the mandible at the top surface of the mandibular condyles. The 
second is by modelling the bony region at the proximal region of the temporal 
bone of the skull and allowing the mandible to articulate on this surface using 
contact elements, which adds a degree of realism to the model. 
148 
Chapter Four/Anatomical Model of the Human Mandible 
- Results are presented as von Mises and principal stresses 
in addition to deformed 
shape and displacement patterns of the mandible. 
- Displacement patterns and stresses correlated with muscular loading on the 
mandible, where regions of high stresses are seen along muscular attachments and 
along certain trajectories within the mandible. 
- Different loading scenarios were simulated which include molar biting, incisor 
biting, and muscular loading only. A comparison was done between these loading 
scenarios which showed that the orientations of mandibular displacements are 
dictated by the input from masticatory muscles. 
- Contact elements were used at mandibular condyles and the results from this case 
were compared with the case were mandibular condyles are constrained. The 
comparison showed that the main difference is in the stress values experienced by 
the condyles where a reduction in stress values is seen in the case where contact 
elements are used. 
- It was noticed that compressive stresses dominate within the mandible. This is 
physiological favourable since such stresses resulting from muscular forces 
generate a compressive state of stress within the object being chewed, which aids 
in crushing the object and accomplishing masticatory function. Also having 
compressive stresses within the actual mandible minimises deformations 
generated during mastication, which is a main requirement in load handling 
structures. 
- No significant change 
in the orientation of displacements of the mandible was 
seen upon changing the location of the application of external biting forces. This 
suggests that the biomechanics of the mandible are largely dictated by the input 
from skeletal muscles and not external biting forces. 
- Large compressive stresses are seen to 
follow certain trajectories. These 
trajectories start from muscular attachment regions and end at the bony region at 
the occlusal plane. The orientation of these stresses are such that they produce 
compressive stresses oriented superiorly at the occlusal plane which is believed to 
cause compressive stresses within the object being chewed. 
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- Comparison was made between results obtained from engineering model of the 
skull and those obtained from mandible anatomical model. It was found that stress 
patterns are similar in both models. This gave more confidence in the modelling 
methodology adopted in this study. 
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Chapter Five 
Anatomical Model of the Human Craniofacial 
Skeleton 
5.1 Introduction 
Chapter three presented an engineering model for the human skull and chapter four 
presented an anatomical model for the human mandible. To establish more robustness 
and confidence in the results obtained from the finite element models developed so far 
a new model is developed in this chapter. One of the main characteristics of the model 
described in this chapter is that the geometry of the model represents the anatomical 
structure of the craniofacial skeleton. Thus no simplifying assumptions were made 
when the geometry of the model was produced. Steps taken in generating and 
investigating the anatomical model of the human craniofacial skeleton are as follow: 
1. Generation of the geometry of skull model. 
2. Assigning material properties to the model. 
3. Deciding on elements to be used. 
4. Loading of the model. 
5. Investigation of the results obtained from the model. 
6. Comparison of the results obtained from skull anatomical model with those 
obtained from engineering model and mandible anatomical model. 
5.2 Krabble and Muller Study (1996) 
5.2.1 Introduction 
(Krabble and Muller, 1996) investigated the damage produced due to different impact 
conditions on the human head by simulating these impact scenarios using a finite 
element model of the human head consisting of a model for the skull and brain. 
5.2.2 Model Generation 
Fresh CT scans with a vertical increment of 1 mm between each scan were obtained 
for a human skull and transformed into tiff image format. The inner and outer bone 
contours were extracted slice by slice for a total of 223 tomograms with the help of a 
semi automated tracking algorithm. 
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Outer contours were generated for all slices, whereas inner contours were generated 
only when the thickness of the skull allowed the generation of a solid element in the 
volume, as shown in figure 5.1. 
Figure 5.1: Outer and inner contours of four horizontal slices aligned along the superior-inferior 
direction of the skull. (Krabble and Muller, 1996) 
The next step consists of generating the volume of interest. This was defined to 
include full details of bony structure. The volume was created using an extended 
marching cubes triangulation algorithm. Figure 5.2 shows a view of the skull in full 
resolution and in figure 5.3 a sagittal side cut of the skull is shown. 
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Figure 5.2: Skull model in full resolution (1 mm voxel size) (Krabble and Muller, 1996) 
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Figure 5.3: A sagittal cut in the skull model (Krabble and Muller, 1996) 
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A FE model was created using a fully automated voxel-based hexahedron mesher 
(VHM) generating cube shaped elements defined by eight-nodes. Since this technique 
leads to edged surfaces an interpolation scheme was utilised which resulted in a 
model with smooth surfaces as shown in figure 5.4. It is worth noting that the void 
between the planes of the upper and lower teeth is not included in the finite element 
model of the skull in the study of (Krabble and Muller, 1996). 
Figure 5.4: Finite element model of the skull. (Krabble and Muller, 1996) 
The model was exported as an I-DEAS® universal file which includes a definition for 
nodes location in x, y, and z coordinates and also a description of the node numbers 
defining the eight nodes of each element. This model is utilised to generate the 
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anatomical model for the human skull in this current study as explained in the 
following section. 
5.3 Generation of the Finite Element Anatomical Skull Model 
The finite element model in ANSYS® for the human skull has been created as 
follows: 
1. In the (Krabble and Muller, 1996) study, volumes representing bony regions of the 
skull were meshed with hexahedral elements with an element size of about 
4.5*4.5*5.0 mm, each element is defined by eight nodes and a listing for these 
nodes was obtained from the I-DEAS universal file 
(skull_r05_hexa smoothed. unv). Below is a sample of node listing in this file: 
Node 
umber x, y, and z co-ordinates 
111 11 
8.4572894287109379E-01 6.4424487304687506E-01 1.76 124237060547E 02 
211 11 
8.4867547607421878E-01 6.4411041259765622E-01 -1.7746614456176757E-02 
311 11 
8.4862402343749999E-01 6.4721246337890626E-01 -1.8857810974121095E-02 
411 11 
8.4430523681640623E-01 6.4697955322265621E-01 -1.8047811508178711E-02 
511 11 
8.4413873291015629E-01 6.4216168212890623E-01 -1.6650415420532225E-02 
Nodes listed in the file were converted from I-DEAS® universal format into 
ANSYS® format, such that the output format is as shown below: 
Node x, y, and z co-ordinates 
bei- um 
N 1, 0.87 945, 0.8243, 196499 
N 2, 0.876972, 0.603971, 0.196208 
N 3, 0.881815, 0.613013, 0.191504 
N 4, 0.877814, 0.61726 , 0.191591 
N 5, 0.865144, 0.607562, 0.196609 
N 6, 0.864718, 0.608378, 0.195464 
N 7, 0.868903, 0.612226, 0.19236 
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The nodes of the anatomical model of the human skull are shown in figure 5.5. 
Figure 5.5: Nodes of skull anatonucal model. 
The next step is to generate the elements. Model elements are defined in the I-DEAS 
(skull_r05_hexa_smoothed. unv) file, such that each element is defined using eight 
nodes as shown below: 
Nodes defining the elements 
12345678 
29 10 36 11 12 7 
9.13 14 10 . 11 15 16 . 
12 
The above format defining the elements is in I-DEAS® universal format which has to 
be converted into a format ANSYS® could read as shown below: 
Nodes defining the elements 
g 2131,1527, 
1528, 2133, 2130, 1529, 1530, 2132 
1531,2131, 2133, 1532, 1533, 2130, 2132, 1534 
B 1519,1520, 1522, 1521, 1523, 1524, 1526, 1525 
2607,2609, 1131, 2605, 13880, 2610, 2606, 2606 
2603,2607, 2605, 2599, 13879, 13880, 2606, 2600 
2 , 2603, 2602 2599, 1178, 2604, 13879, 2600, 2601 
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The element selected from ANSYS® element library has to satisfy the following 
requirements: 
- Geometrical requirements: 
3D space: since the model is a three-dimensional (solid) one, this implies that solid 
elements (3-D elements) should be used. 
- Material requirements: 
The element chosen should allow for orthotropic material properties to be assigned 
and these properties are similar to those used in chapter three and four. Element 
Solid45 from ANSYS ® element library is used, this element is used for three- 
dimensional modelling of solid structures defined by eight nodes, and also orthotropic 
material properties could be assigned to it, thus both geometrical and material 
requirements are satisfied in this element which justifies choosing it for the skull 
model. The skull finite element model consisted of 13962 elements as shown in figure 
5.6. Material properties assigned to the model are the same as those of mandible 
anatomical model presented in the previous chapter. 
Figure 5.6: Skull finite element model. 
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5.4 Checking the geometry of skull anatomical model 
The skull anatomical model has been generated from the visible human project data 
set and various transformations were done to the data in order to generate the model. 
Thus it is prudent to check that the final meshed model reflects the actual skull. 
Verification of the geometry of the skull model is done by taking transverse sections 
through the finite element model and comparing the geometry of the model at that 
section with corresponding CT scan at the same location as seen in figures 5.7-5.11. 
The result of this comparison shows a good correlation between the geometry of the 
finite element model and bone geometry shown in the CT scans. 
Skull finite element model 
Figure 5.7: Transverse section taken at a distance equal to 35 mm from the top of the skull (i. e. distal 
end) 
Figure 5.8: Transverse section taken at a distance equal to 80 nun from the top of the skull (i. e. distal 
end) 
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Figure 5.9: Transverse section taken at a distance equal to 100 mm from the top of the skull (i. e. distal 
end) 
Figure 5.10: Transverse section taken at a distance equal to 136 mm from the top of the skull (i. e. 
distal end) 
Figure 5.11: Transverse section taken at a distance equal to 165 mm from the top of the skull (i. e. 
distal end) 
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5.5 Loading of Skull Anatomical Model 
The approach used in loading the skull engineering model (chapter three) and 
mandible anatomical model (chapter four) is also used here. This include: 
- Masticatory muscles forces. 
- External biting forces 
- Fixation of the model 
5.5.1 Muscle Loading 
Determining the muscles involved in mastication has already been established in 
previous chapters and below is a list of muscles involved in mastication: 
Muscles involved in jaw closing movement (i. e. clenching, biting, etc. ): 
1. Superficial masseter 
2. Deep masseter 
3. Anterior part of temporalis muscle 
4. Posterior part of temporalis 
5. Medial pterygoid 
6. Superior head of lateral pterygoid 
Muscles involved in jaw opening movement (i. e. depressing the mandible): 
1. Digastric 
2. Inferior head of lateral pterygoid 
3. Mylohyoid 
Muscle attachments on the skull were determined in chapter three for the engineering 
model of the skull. It is worth mentioning that muscle attachments were modelled as a 
line of force rather a single point loading which is closer to the real case. Figure 5.12 
shows the skull anatomical model with the application of masticatory muscles forces. 
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Figure 5.12: Skull model with force vectors representing masticatory muscles attachments. 
The orientation of masticatory muscle forces in space has been established in previous 
chapters by defining the angles for muscles force vectors using directional cosines as 
shown in figures 3.14 and 3.15. In order to bridge the gap between the computer 
model and the actual skull the orientations of muscle forces were not assumed to be 
constant but dynamic and change as the masticatory cycle progresses. The results are 
listed in table 3.6. In section 3.5.4 maximum forces masticatory muscles could 
generate were determined. This was accomplished by following certain procedures, 
which relate muscles physiological cross sectional area to the maximum force a 
muscle could generate during functional activity. In section 3.5.5 there is a discussion 
on how the dynamics of masticatory muscles were modelled during jaw opening and 
closing movements. This is crucial for accurate modelling of masticatory muscles 
during function and the results are listed in tables 3.9 and A. 1. 
5.5.2 Modifications to the Model 
There are some modifications that need to be done to the model in order to bridge the 
gap between the actual conditions of the skull and the anatomical model, these 
modifications are listed below: 
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5.5.2.1 Total Occlusion 
It is clear that the model in its original form represents a situation where there is total 
occlusion of the upper and lower teeth, this situation is a special case. In order to 
investigate the situation where an object is being chewed a separation had to be made 
at the occlusal plane. This is done by removing some of the elements at the level 
where the crowns of the upper and lower teeth meet, thus creating a gap at the 
occlusal plane as shown in figure 5.13. 
recz 
Figure 5.13: Gap created to separate upper and lower teeth. 
5.5.2.2 Zygomatic Arch Suture and Temporomandibular Joint 
In order to bridge the gap between the computer model and the actual skull, the 
special properties of the temporomandibular joint (TMJ) and zygomatic arch suture 
had to be integrated into the anatomical model. This is done by assigning Young's 
modulus of 6 MPa (much more flexible than the surrounding bone) and Poisson's 
ratio of 0.4 (Beck et al., 2000) to elements comprising the suture and the 
temporomandibular joint, as shown in figure 5.14. 
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Figure 5.14: Modification of element attributes to represent zygomatic arch suture and 
temporomandibular joint. 
5.5.3 Fixation of Skull Anatomical Model 
The human skull rests on the spine at the foramen magnum region. Thus the model 
was fixed at this region such that nodes defined at the foramen magnum were 
constrained against all transitional and rotational motion. Figure 5.15 shows fixation 
of the model at the foramen magnum region. 
Fixation of nodes at the 
foramen magnum region 
sec 
Figure 5.15: Fixation of the model at the foramen magnum region. 
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5.5.4 Loading Case at t=0.6 s of Masticatory Cycle 
The complete masticatory cycle has been divided in 11 load steps, such that at each 
load step masticatory muscle forces corresponding to that step are applied. The 
loading case chosen for investigation is at maximum biting and this occurs at about 
time = 0.6 s during the masticatory cycle. This case is chosen because maximum 
muscle forces are active and investigating how the craniofacial skeleton handles 
forces generated at this stage helps to explain the biomechanics of the structure and 
how the structure maintains structural integrity under large forces produced during 
mastication. In order to mimic the conditions at this load step the following 
modifications had to be made to the anatomical model. 
5.5.4.1 Unilateral Molar Biting 
To simulate unilateral molar biting a group of elements were generated between the 
upper and lower teeth. These elements are intended to represent an object being 
chewed placed between the upper and lower molar teeth (i. e. introducing a 
mechanical impedance between the two surfaces). Material properties for this group 
of elements are assigned to reflect those of almonds having Young's modulus of 
21.57 MPa (Agrawal et al., 1996) and a density of 465 kg. M-3 as shown in figure 5.16. 
Figure 5.16: Elements used to represent unilateral molar biting. 
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5.5.4.2 Masticatory Muscle Loading Only 
To simulate the scenario where masticatory muscles are only acting. Elements 
representing the object being chewed are removed, where the mandible is allowed to 
articulate with no resistance between the upper and lower teeth. 
5.6 Results from the Skull Anatomical Model 
5.6.1 Loading Scenario (1): Unilateral Molar Biting 
As seen in figure 5.16 in order to simulate this loading scenario a group of elements 
has been introduced between the upper and lower teeth planes having the mechanical 
properties of almonds. Investigation of the biomechanics of the skull at this loading 
scenario is done by analysing three main parameters: 
1. Deformed shape 
2. Overall state of stress (von Mises and principal stresses) 
3. Analysis of selected paths 
5.6.1.1 Deformed Shape 
Figure 5.17 - 5.20 show displacement patterns generated within the skull anatomical 
model due to this loading scenario. In figure 5.17 values of displacements along the x 
direction show that the mandible at regions near the TMJ is being deformed laterally 
as shown in figure 5.17. It is worth mentioning that similar displacement patterns for 
these regions are seen in figure 4.14 in previous chapter for mandible anatomical 
model. 
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Figure 5.17: Contour plot of the displacement of the skull anatomical model in x direction (UX in 
(m)). 
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Displacements of the skull model along the y direction are shown in figure 5.18. It 
can be seen that the mandible is being displaced posteriorly and the maxilla anteriorly. 
This action generates a shearing action on the object placed between the upper and 
lower teeth, which makes tearing the object easier. Figure 5.19 shows displacement of 
the skull model in the z direction (i. e. vertical). It can be seen from this figure and 
figure 5.23 that the mandible is displaced upward (superiorly), while facial bones such 
as maxilla, zygomatic, temporal, etc. and the cranial skeleton are displaced downward 
(inferiorly). This correlates with the physiological function of mastication, which 
necessitates crushing the object being chewed. These observed displacements satisfy 
this requirement. 
In figure 5.20 elements representing the object being chewed are highlighted. 
Displacement of these elements is studied along the vertical z direction. The results 
show that the upper portion of the object is being displaced downward while the lower 
portion is displaced upward. This displacement pattern within the object satisfies 
masticatory function in applying a compressive-crushing action on the object being 
chewed. 
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Figure 5.18: Contour plot of the displacement of the skull anatomical model in y direction (UY in 
(m)). 
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Figure 5.19: Contour plot of the displacement of skull anatomical model in the vertical z direction (UZ 
in (m)). 
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Figure 5.20: Highlighting the displacements of upper and lower surfaces of the elements representing 
the object being chewed in vertical z direction (UZ in (m)). 
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The resultant of all the displacements (USUM) experienced by the skull anatomical 
model at full bite position is shown in figure 5.21, where maximum displacement 
values were limited to 1.35 mm in order to highlight the variation in displacement 
values within the model. Here it can be seen that maximum displacements are found 
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Figure 5.21: Contour plot of overall displacement (USUM in (m)). (Upper limit for maximum 
displacement values= 1.35 mm) 
It is apparent from figure 5.21 that displacements on the working side (i. e. side 
experiencing a mechanical resistance due to the impedance of the object being 
chewed in addition to muscle forces) are lower than the non-working side (i. e. 
experiencing only muscle forces). This observation sheds some light on the fact that 
people with a diseased temporomandibular joint feel less pain and more comfort 
chewing on the side of the diseased joint than the side of the healthy one. This could 
be partly explained from these results such that the side that contains the object being 
chewed is displaced less in the upward vertical direction compared to the other side. 
Thus less pressure is placed on the posterior portion of the biconcave disc at the TMJ 
shown in figure 5.22, which is highly vascular and innervated. This results in less 
pressure on the nerve due to the reduced displacement of the underlying mandibular 
condyle, which results in less pain in a diseased temporomandibular joint. Thus this 
could explain the tendency to chew on the diseased side. 
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Figure 5.22: Anatomy of the temporomandibular joint. (Jankelson, 1991) 
Comparing figure 5.21 with figure 4.14 which shows the overall displacements within 
the mandible model it can be seen that figure 5.21 shows differences between the 
displacements of the working and non-working sides which can't be easily seen in 
figure 4.14. The main reason for this is that different scales are used to plot the 
displacement field in both figures. 
In figure 5.23, the orientation of the overall displacements within the skull anatomical 
model is shown. At the TMJ the underlying mandibular condyle is being displaced 
vertically upward compressing the joint. This could also be seen in figure 4.53 for the 
mandible anatomical model. Along the maxilla bone downward displacements are 
noticed generating compressive stresses within the object being chewed which aids in 
accomplishing masticatory function. 
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Figure 5.23: Orientation of the overall displacements within the skull anatomical model. 
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5.6.1.2 Overall State of Stress within the Model 
Figure 5.24 shows von Mises stresses within the skull anatomical model, it is noticed 
that stress levels within the mandible, maxilla, and zygomatic bones are much higher 
than those experienced by the cranium. This correlates with strain gauge 
measurements done on primate skulls (Hylander and Johns, 1991) where it was found 
that strains within the facial region are much larger than those in the cranium. 
Regions of high stress are found at muscle attachments to the model and the bony 
regions in the proximity of the bite location. It is worth mentioning that some high 
stress regions at the exact nodes where muscular forces are applied is due to stress 
concentration at these nodes, however, a short distance away from these nodes this 
effect can be ignored. At the bony region near the TMJ low stress levels are seen in 
contrast to the constrained mandible anatomical model discussed in the previous 
chapter. The explanation of this result is given next. Reduced stresses levels within 
bony region at the mandibular condyle in this loading scenario where material 
properties at the TMJ are used to mimic the mechanical properties of the articulate 
disc within the joint could be attributed to the fact that as masticatory muscles 
generate forces going through first the bony region within the mandibular condyles, 
this force will cause displacements within the condyles as seen in figure 5.22. 
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Figure 5.24: Von Mises stress distribution within the skull anatomical model. 
170 
Chapter Five /Anatomical Model of the Human Craniofacial Skeleton 
Principal compressive and tensile stresses are shown in figures 5.25 and 5.26, 
respectively. It can be seen that large compressive stresses are seen at muscular 
attachment regions, anterior body of the mandible, bony volumes adjacent to the 
biting location (i. e. molar region), and lateral regions of maxilla bone. Large tensile 
stresses are seen at the anterior region of the ramus, frontal and parietal bones. Tensile 
stresses within the cranial bones can be explained by the manner in which the 
temporalis muscle load the cranium, where the lateral pull of the temporalis muscle 
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Figure 5.25: Principal compressive stress distribution within the skull anatomical model. 
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Figure 5.26: Principal tensile stress distribution within the skull anatomical model. 
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From the results of the finite element models it can be seen that the overall stresses and 
strains on the working side are larger than the non-working side. One possible 
explanation for these findings is that on the working side muscle forces are transmitted 
within the bony volume following a zygomatic-maxillary path while simultaneously 
external biting forces are handled along the same path which places the bony path under a 
high state of stress. While as on the non-working side, no biting forces are present and 
thus the zygomatic-maxillary path handles a reduced level of force, which would 
generate lower stresses on the non-working side compared to the working side. This 
explanation also links to the state of stress at the TMJ, such that on the working side the 
larger part of load handling is occurring along the zygomatic-maxillary bony volumes 
with reduced loads on the TMJ at this side. While as on the non-working side larger loads 
are handled at the TMJ due to the absence of external biting forces, which results in 
higher stresses at the TMJ on the non-working side. This observation correlates with the 
tendency of people with diseased TMJ to chew on the diseased side rather than the 
healthy side, because as explained earlier, on the working side lower loads are handled at 
the TMJ which results in lower pressure on the biconcave disc within the TMJ which is 
highly innervated. 
In the skull anatomical model the zygomatic suture and TMJ material attributes of the 
elements representing these regions are defined such that they reflect the mechanical 
properties of the collagenous material found within such regions as shown in figure 
5.14. Thus it is worth looking at strains generated in the model at these locations as 
shown in figure 5.27. It can be seen that the TMJ and the zygomatic suture are 
strained more than the surrounding bony region. 
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Figure 5.27: Von Mises strain within skull anatomical model. 
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5.6.1.3 Estimation of the Magnitude of Biting Force 
Elements used to represent the object being chewed shown in figure 5.16 provide a 
useful way to check whether masticatory muscles forces applied at load step 6 are 
within the physiological range of muscle forces acting during full biting. They can 
also be used to get an estimate on the biting force experienced during full bite 
situation. This is done by calculating the force acting on the object being chewed 
during full biting from the results of the skull anatomical model then comparing this 
force with what is reported in the literature. Steps taken to estimate the biting force 
are shown next with illustrations shown in figure 5.28. 
The orientation of the forces acting on the nodes located at the lateral and medial 
sides of upper and lower surfaces of the elements representing the object being 
chewed is shown in figure 5.28. Force resultant in the z direction acting on the lower 
surface is directed superiorly while on the upper surface is directed inferiorly. Forces 
acting along the z direction place the object under a compressive state of stress, which 
correlates with masticatory function. 
The orientation of the resultant of forces acting in the x direction is shown in figure 
5.28. It can be seen that on the lateral side the force resultant is directed medially 
while on the medial side is directed laterally. This action is also believed to aid in 
masticatory function. The average biting forces from the skull anatomical model 
acting on the object being chewed are 206.7 N in the z-direction, 27.7 N in the y- 
direction, and 46.13 N in the x-direction. Thus the resultant of the biting forces acting 
on the object is equal to 213.6 N. 
Comparing the resultant of the biting force obtained from the skull anatomical model 
with the value of 300 N reported in the literature (Koolstra et al., 1988 and Prium et 
al., 1980) at full bite situations gives strength to the magnitude and orientation of 
muscle forces used in this study and the methodology followed in producing them. 
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Figure 5.28: Biting forces applied on elements used to represent object being chewed. 
5.6.1.4 Analysis of selected Paths 
Paths shown in figure 5.29 are selected to investigate the regions covered by these 
paths in more detail. The first region being the bony structures adjacent to the TMJ, 
the second is the zygomatic suture, and the last is the bony region adjacent to the 
object being chewed shown in figure 5.35. 
a) Path along the Temporomandibular Joint 
Figure 5.30 shows displacements along this path. As seen in the figure vertical 
displacement of bony region below the TMJ is directed upward then it changes to 
downward along the bony region above the TMJ. This displacement pattern places the 
TMJ in a compressive state which correlates with MRI studies where the position of 
the mandibular condyle was traced using magnetic resonance imaging. It was 
observed that the condyle compresses the articular disc within the TMJ (Kitai et al., 
2002) as shown in figure 5.31, and this correlates with the results presented in this 
chapter. 
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Figure 5.29: Paths selected on skull anatomical model to study TMJ and zygomatic suture. 
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Figure 5.30: Displacements along the TMJ path. (s=0 in is point 1 in figure 5.29, s=0.02059 in is point 
2 in figure 5.29) 
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Figure 5.31: Displacement of mandibular condyle during mastication. (Kitai et al., 2002) 
Figure 5.32 shows von Mises strain along the path. It can be seen that the collagenous 
material within the TMJ is strained more than the surrounding bone; the significance 
of this has been previously discussed. 
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Figure 5.32: Von Mises strain along the path. (s=0 m is point 1 in figure 5.29, s= 0.02059 m is point 2 
in figure 5.29) 
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Figure 5.33 shows von Mises stress, principal compressive and tensile stresses along 
the path. It is apparent from the figure that along the bony regions adjacent to the TMJ 
and the joint itself compressive stresses dominant, since compressive stress 
magnitudes are comparable to the overall value of stresses (i. e. von Mises stress). It is 
also noticed that all stresses are reduced as the TMJ is approached. This could be 
partly explained by the fact that the bony volume at point 1 is subjected to various 
masticatory muscles generating compressive stresses within the region. While as the 
bony region at point 2 is subjected mainly to compressive stresses generated due to 
the action of temporalis muscle only. From the comparison of figures 5.32 and 5.33 it 
can be seen that although strain is increasing along the path as seen in figure 5.32 
there is a reduction in stress values along the path as shown in figure 5.33. This can be 
explained by knowing that Young's modulus is changing along the path such that 
there is a large reduction in the modulus at the region of the TMJ. 
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Figure 5.33: Von Mises, principal compressive and tensile stresses along the path. (s=0 m is point 1 in 
figure 5.29, s= 0.02059 m is point 2 in figure 5.29) 
b) Path along the Zygomatic Suture 
Figure 5.34 shows von Mises strain along the path chosen to study the zygomatic 
suture as shown in figure 5.29. It can be seen that the collagenous material within the 
suture is strained more easily than the surrounding bone. The significance of this is 
similar to the explanation given for the TMJ. The low mechanical impedance of the 
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collagenous material within the suture enables it to accommodate the displacements 
of surrounding bony structures. This result sheds new insights into the function and 
importance of cranial and facial sutures as regions that can store strain energy and in 
the process yield low stresses in adjacent bony structures, which is favourable in the 
functioning of the skeleton. 
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Figure 5.34: Von Mises strain along the path defined to study the zygomatic suture shown in 
figure 5.29. (s=0 m is point 1 in figure 5.29, s= 0.03946 m is point 2 in figure 5.29) 
c) Path along outer surface of the mandible at molar region 
Another region worth investigating is the one shown in figure 5.35. The path is taken 
along this region as it in close proximity to the biting location. 
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Figure 5.35: Path along outer surface of the mandible. 
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Figure 5.36 shows displacements along the path in x, y, and z directions, such that 
maximum displacements are seen along the vertical z direction and directed upward, 
which correlates with the requirements of masticatory function in generating upward 
displacements that will aid in crushing the object being chewed. Also it can be seen 
from figure 5.36 that the bony region on the outer surface of the mandible is being 
displaced medially (i. e. in the +x direction). The importance of this observation will 
be discussed in chapter six. 
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Figure 5.36: Displacements along the path shown in figure 5.35. (s=0 in is point 1 in figure 5.35, s= 
0.01971 in is point 2 in figure 5.35) 
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Figure 5.37: Von Mises, principal compressive and tensile stresses along the path shown in figure 
5.35. (s=0 in is point 1 in figure 5.35, s= 0.01971 m is point 2 in figure 5.35) 
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Von Mises stress along the path is shown in figure 5.37, where maximum stresses are 
seen along the upper part of the path (i. e. within bony region close to the biting 
location). Also it can be seen from the figure that compressive stresses dominate. 
Which in the real skull would minimise deformations generated due to the applied 
forces since bone has its maximum stiffness when it is under a compressive loading 
environment. Minimising deformations in a load handling structure is a main 
requirement, which correlates with masticatory function and the human skull being a 
load handling structure optimised for function. 
5.6.2 Loading Scenario (2): Application of Masticatory Muscles only 
It is worth looking at the effect masticatory muscles forces alone have on the overall 
state of stress within the skull anatomical model. Note that this loading scenario does 
not occur in practice. However, new insights could be found by isolating the relative 
contributions of muscle and external biting forces. 
Figure 5.38 shows von Mises stresses along the path for both loading scenarios 
discussed in this chapter, where it is clear that there is a reduction in the overall state 
of stress within the bony region upon the application of external biting force (i. e. upon 
the existence of a mechanical impedance between upper and lower teeth). 
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Figure 5.38: Comparison of von Mises stresses along the path shown in figure 5.35 for both loading 
cases. (s=0 m is point 1 in figure 5.29, s= 0.03 in is point 2 in figure 5.29) 
Figure 5.38 shows an interesting phenomenon, which is that when a resistance is 
introduced between upper and lower teeth (i. e. external biting forces are present) there 
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is a reduction in the overall state of stress within the bony volume, this reduction 
could be estimated from figure 5.38 for stress values at the end of the path as follows: 
muscles only - 6muscles+external biting forces %reduction in stress =* 100 
o muscles only 
3074.3*103_ 2732. *103 *100 
3074.173 * 103 
=11.1% 
Figures 5.39 and 5.40 show an illustration of the orientations of deformations 
generated from the activation of masticatory muscles as observed from finite element 
models of the craniofacial skeleton developed in this study. It is worth mentioning 
that the orientation of deformations within the skull predicted from this study 
correlates with the orientation of bone osteons within the skull found from split-lines 
technique (Tappen, 1953). The matching between the orientation of deformations and 
stresses generated by masticatory muscles and the orientation of bone osteons 
highlights the compatibility between the strain map generated by muscles and bone 
architecture. 
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Figure 5.39: Orientations of deformations within bony volumes due to the activation of masticatory 
muscles (Frontal view). 
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Figure 5.40: Orientations of deformations within bony volumes due to the activation of masticatory 
muscles (side view). 
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5.7 Global Validation of Results obtained from Finite Element 
Models developed in this Study 
Results obtained from finite element analysis need to be validated and one way of 
achieving this aim is to compare the values obtained from finite element analysis for a 
certain parameter with a value obtained for the same parameter from another source. 
Sources used to validate the results obtained from finite element models developed in 
this study are: 
1. In vivo and in vitro strain measurements of the craniofacial skeleton. 
2. In vivo and in vitro strain measurements of various skeletal structures. 
3. Numerical modelling done by various researchers for bony volumes comprising 
the craniofacial skeleton. 
Parameters selected for comparison are listed below: 
1. Peak strains generated during functional activity. 
2. Distribution of strains within facial and cranial bones. 
3. Stress at temporomandibular joint. 
4. Forces at temporomandibular joint. 
5. Strains within zygomatic bone. 
6. Strains within frontal bone. 
Table 5.1 shows a comparison between the values obtained for the above parameters 
from the sources listed above and from finite element analysis of the models 
developed in this study. 
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Table 5.1: Values obtained from the literature compared to values obtained from finite element models 
developed in this study for selected parameters. 
Peak stresses and Stress < 200 MPa (Evan, 1973) Stress and strain values 
strains Strain < 2000 - 3000 µE were less than 200 MPa and 
(Rubin C. and Lanyon L., 1984) 2000 µs (for example 
Ex erimental study] figures 3.30,4.18,5.24) 
Distribution of Stresses and strains within the Stresses in facial bones are 
strain within facial facial skeleton are much larger much higher than cranial 
bones compared to than cranium bones as shown in figures 
cranial bones (Hylander and Johns, 1991) 3.37,5.24 for example. 
[Experimental study] 
(Endo and Adachi, 1988) 
(Endo, 1966) [Numerical study] 
Stress at Less than 2.79 MPa. Stresses in the range of 1 to 
temporomandibular (Beck et al., 2000) [Numerical 2 MPa were recorded in the 
joint study] region of the TMJ (observed 
from skull anatomical 
model) as seen in figure 
5.24. 
Forces at 260 N at each condyle (Beck et A force equal to 314 N at 
temporomandibular al., 2000) [Numerical study] each condyle. (observed 
joint from skull anatomical 
model) (This result can be 
calculated from figure 5.27) 
Strains within Average strain = 120 µc A strain of 130 µE is 
zygomatic bone obtained from in vivo strain observed within the 
measurements (Oyen et al., zygomatic bone. (Skull 
1996) [Experimental study] anatomical model, figure 
5.34) 
Bite force (Koolstra and Van Eijden, 1992) An average biting force of 
reported a biting force ranging of 213.6 N was obtained from 
200 - 800 N. [Combined skull anatomical model. 
experimental and numerical (By placing an object 
study] having mechanical 
(May et al., 2001) reported a properties of almond 
maximum biting force of 300 N. between upper and lower 
[Numerical study] teeth). (This result can be 
seen in figure 5.28) 
Displacement and (Herring et al., 2001) observed Compressive reaction forces 
strain orientations compressive reaction forces at and stresses are seen at the 
within the mandible the TMJ. Orientation of principle TMJ (figures 5.25,4.32). 
strain within the mandible is Also, the orientation of 
along the vector of the line of principle displacements and 
action of masseter muscle. strains is along the vector of 
[Experimental study] the line of action of 
masseter muscle on outer 
bony surfaces (figures 4.30 
and 4.53 
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5.8 Substructuring and Contact Analysis 
5.8.1 Introduction 
In this section contact analysis is done for skull anatomical model in a similar fashion 
to the contact work done in chapter four for mandible anatomical model. This seeks to 
model correctly the articulation of mandibular condyles on proximal portions of 
temporal bone of the skull. However, in addition to contact analysis another 
technique is used in the case of skull anatomical model. This is a procedure called 
substructuring that condenses a group of elements into a single element represented as 
a matrix. This matrix is called a superelement. Substructuring results in reduced 
computer time especially when nonlinear analysis is performed as in the case of skull 
anatomical model with contact elements. 
Contact analysis is believed to add a degree of realism to the anatomical model of the 
skull. Surface-to-surface contact elements are used at two boundaries, the first being 
the mandibular condyle as a "contact" surface, the other is called a "target" surface 
and in this case is the surface of the proximal portion of temporal bone of the skull. 
Steps taken in doing contact analysis and substructuring for skull anatomical model 
are listed below: 
1. Group of elements are selected from skull anatomical model to define the 
superelement and master degrees of freedom are assigned to it. Then 
substructuring analysis is done to create a superelement (this step is called a 
generation pass where the suprerelement is created). 
2. Coupling of nodes at the interface between the superelement and non- 
superelement is done. 
3. Contact surfaces are created on mandibular condyles and proximal portion of 
temporal bone. 
4. Solution is initiated. 
5. Review of results. 
5.8.2 Elements used to define the Superelement. 
Figure 5.41 shows selected elements from the full model shown in figure 5.13. The 
superelement is comprised of these elements. Master degrees of freedom need to be 
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assigned at this stage. These are chosen as the nodes at the interface between the 
superelement and non-superelement part of the model as seen in figure 5.41. 
Figure 5.41: Elements defining the superelement portion of skull model. 
Substructuring analysis is done to create the superelement from the selected group of 
elements seen in figure 5.41. This Superelement is then stored in a matrix. This part of 
the analysis is called the generation pass where the superelement is generated. 
5.8.3 Coupling of Nodes at the Interface between Superelement and non- 
Superelement Parts of the Model 
After generation of the superelement the next step is to couple it with the remaining 
part of the model. This is done by coupling the nodes at the interface between both 
parts. This in turn is done in ANSYS® by coupling coincident nodes at the interface 
as shown in figure 5.42. 
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5.8.4 Contact Surfaces are created on Mandibular Condyles and 
Proximal Portion of Temporal Bone. 
The same elements used in chapter four for the mandible anatomical model are used 
here. Thus (Targel70) and (Conta174) are chosen from ANSYS element library to 
model the articulating surfaces. However, in the case of the skull anatomical model 
identification of the articulating surfaces is not as straightforward as the mandible 
model since the skull model is fused at the TMJ as shown in figure 5.43. 
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Figure 5.42: Coupling of superelemeut with the remaining part of the model. 
Figure 5.43: Skull anatomical model showing fused TMJ. 
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In order to have two articulating surfaces at the TMJ a number of modifications had to 
be implemented for the elements representing the temporomandibular joint. The first 
step involved deleting a row of elements at the TMJ and creating new articulating 
surfaces by generating splines along the surface on which mandibular condyles will 
articulate with the proximal portion of temporal bone of the skull as seen in figure 
5.44. Then new elements are created to model this surface as shown in figure 5.45. 
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Figure 5.45: Skull anatomical model showing new elements at the articulating surface between the 
mandible and temporal bone at the TMJ. 
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Figure 5.44: Splines used tu dc itur tltc Stu face on to %ýInch the mandible will articulate with the 
temporal bone. 
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5.8.5 Solution 
As contact elements are used non-linear analysis is required. Other parameters such as 
muscle loading, gravity effect, etc. are the same as the previous loading case where no 
contact elements are used. 
5.8.6 Results 
5.8.6.1 Contact Parameters 
In this section the status of the contact between mandibular condyles and proximal 
surface of temporal bone is investigated, such that the following parameters are 
investigated: 
a) Contact Status 
ANSYS assigns the following values for the status of the contact such that the 
value of 3 indicates that the contacting surfaces are closed and sticking, 2 
indicates closed and sliding, 1 open but near contact, and 0 indicates open and not 
near contact. Contact occurs at the anterior surfaces of the condyles and contact 
status values ranged from 1 to 2 which indicate that the two surfaces are not 
closed and sticking but rather closed and sliding. This correlates with studies done 
on the TMJ, which showed that the motion of the joint could be described by 
"swing and slide" (Koolstra and Van Eijden, 1997; peck et al., 2000). 
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b) Contact Pressure 
For the case of flexible-to-flexible contact, the contact elements provide true 
pressure and friction stress and it is useful to investigate the contribution of each. 
The maximum value of the total stress at contact surfaces is 13.4 MPa and friction 
stress is 1.33 MPa, thus it is clear that contact pressure is dominant as friction 
stress comprises about 10% of the total stress experienced by the joint. It is worth 
mentioning that this result is similar to the one obtained in mandible anatomical 
model where friction stress comprised about 14% of total stress experienced by 
the joint. Also this result correlates with the results obtained which shows that 
there is always a compressive state of stress at the joint, which would generate 
high contact pressure between the articulating surfaces. 
5.8.6.2 Deformed Shape 
Figures 5.46-5.48 show deformed shape, orientation, and magnitude of displacements 
for skull anatomical model, respectively. From figure 5.48 it can be seen that 
displacements within the mandible in x-direction cause lateral deformations of 
mandibular condyles, a similar result was found in the case of mandible anatomical 
model (figure 4.14). Downward displacements of maxilla bone were observed and it 
is believed that these displacements aid in accomplishing masticatory function in 
crushing the object being chewed. Another interesting observation is seen in the 
values of UZ (vertical displacements) and UY (anterior-posterior displacements) in 
figure 5.48 such that UZ and UY values on the working side (i. e. side experiencing 
both muscle and external biting forces) are lower than the non-working side (i. e. side 
experiencing muscle forces only) both in the mandible and maxilla bone. This sheds 
light on the observation that people with diseased TMJ tend to chew on the diseased 
side claiming that it results in less pain. This observation has been explained 
previously in this chapter. Maximum displacement is seen along the anterior of 
mandibular body. 
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Figure 5.46: Deformed shape of skull anatomical model (contact elements are used at TMJ). 
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in (m)) 
5.8.6.3 Overall State of Stress and Strain 
Figure 5.49 shows von Mises stresses within skull anatomical model. Regions with 
high stresses are seen along muscular attachment points as well as within the bony 
region adjacent to the object being chewed. Explanations for these findings were 
presented earlier in this chapter. 
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Figure 5.49: Von Mises stress distribution within skull anatomical model. 
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Figure 5.50 shows von Mises strain within the model, it can be seen that when the 
mechanical properties of the collagenous material within the sutures are included in 
the model (the zygomatic arch suture is shown in this case) regions representing the 
sutures are strained more than the surrounding bony region and the significance of 
this phenomenon was presented earlier in this chapter. 
5.9 Conclusions 
- Development of an anatomical model for the human skull has been presented 
in this chapter. This included generation of the geometry, elements, loading of 
the model. 
-A study done by Krabble and Muller (1996) provided the nodes and elements 
used in the skull anatomical model, where CT scans were digitised and 
converted into a volume for the human skull, which is then descretised into 
finite elements. 
- Loading of skull anatomical model was done in a similar fashion to that of 
mandible anatomical model and skull engineering model. 
-A new method for modelling biting forces is presented in this chapter, such 
that additional elements were inserted between lower and upper teeth with the 
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Figure 5.50: Von Mises strain distribution within skull anatomical model. 
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mechanical properties of almonds. This approach has many advantages one of 
which is that biting forces could be calculated from stresses experienced by 
these elements. 
- Modelling the temporomandibular joint in the case of skull anatomical model 
was done in two ways; the first is by assigning mechanical properties of the 
articular disc to elements representing the joint. The second approach is to 
create contact elements between mandibular condyles and proximal portion of 
temporal bone, which involved doing contact analysis as well as 
substructuring. 
- Results obtained from the model shed new insights into the biomechanics of 
the craniofacial skeleton, where as regions of high stresses were found at 
muscles insertions and origins in addition to bony trajectories starting at 
muscular attachments and ending at bony volumes adjacent to the occlusal 
plane within the craniofacial skeleton. 
- Compressive stresses are dominant within the model. This highlights an 
important finding, which is that having compressive stresses within the actual 
skull during load handling minimises deformations generated during 
mastication, which is a main requirement in load handling structures. 
- Element attributes at the TMJ and zygomatic suture were redefined to reflect 
the mechanical properties of the collagenous material at these locations. It is 
seen from the results that these regions are strained more than the surrounding 
bone, which highlights their role in accommodating the displacements of the 
surrounding bony regions. 
- It is observed that the application of muscular forces generates compressive 
stresses within the bony regions adjacent to the occlusal plane, which act upon 
the object being chewed generating compressive stresses within it. This is 
believed to aid in accomplishing masticatory function in crushing the object 
being chewed. 
- Displacement and stresses within the TMJ gave possible explanations to 
clinical findings regarding pain management of a diseased TMJ. 
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Chapter Six 
Observations on the Biomechanics of the Skull 
Various observations on the biomechanics of the skull are noticed from the results of 
the FE models developed in the current study. In the following sections some of these 
observations are discussed in more details. 
6.1 Dominance of Compression within Skeletal Structures 
The results of the FE models developed in the current study as seen in tables 4.4,4.5, 
4.6,4.8 and figures 4.26,4.35,5.33, and 5.37 show that compressive stresses 
dominate the state of stress within the models. This has many implications in 
understanding the biomechanics of the craniofacial skeleton and in designing implants 
for skeletal reconstruction. Results obtained by Taylor et al. (1996) already shown in 
the literature review chapter give support to the results obtained from the FE models 
in the current study, which predict that compression is the dominant state of stress 
within skeletal structures. 
6.2 The Orientation of Stresses in the Bony Region at the 
Occlusal Plane 
Figure 6.1 shows the anatomical model of the skull with elements introduced at the 
occlusal plane to model an object being chewed. 
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Figure 6.1: Elements representing an object being chewed, simulating unilateral molar biting. 
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Nodes on lateral and medial sides of the object being chewed are highlighted as 
shown in figure 6.2. 
Medial side Lateral side > 011 1111,111,11 
. 1111 u1c ' urI Ic i Nodes on lateral side 2865 (upper surface) 
LiPPcr `mss 66 
39 73 3080 
12863 
5-1 
1Z8128S8 
12 5 
96 3 es 
6 
12862 396 0 
85 
12851 
1318 
8 
84 131 
12861 
12857 
}79 31 12850 
4 
13175 
97 
13170 3S 
y 
13174 
68 
. L3169 
+X 
13168 
Nodes on 
Lower surface medial side 
(lower surface) 
Nodes on lateral side 
reCZfd 
+Z (lower surface) 
Figure 6.2: Nodes along medial and lateral sides on upper and lower surfaces of bony volumes 
surrounding teeth. 
6.2.1 Analysis of Forces acting on Nodes defined in Figure 6.2. 
Table 6.1 shows the sum of the forces acting on nodes defined along upper and lower 
surfaces on lateral and medial sides of the object being chewed. 
Table 6.1: Sum of nodal forces defined in figure 6.2. 
Sum of onodal forces 
Nodes along lateral side (lower surface) 
FX (N) 
20.10 
FY (N) 
-11.38 
FZ (N) 
-68.02 
Nodes along medial side (lower surface) -9.22 -3.90 -44.86 
Nodes along lateral side (upper surface) 13.73 -5.90 104.5 
Nodes along medial side (upper surface) -7.78 -11.0 37.30 
From the values given in table 6.1 the angle (measured from the z axis) the resultant 
makes in the xz plane can be calculated as follows: 
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Bxz 
plane = 
t-' 
Fx-component 
Fz-component 
Where : 
°xz 
plane : angle 
the resultant makes in xz plane 
Fx_ýompoe,,, : force component in x- direction (N) 
F. 
-component 
force component in z- direction (N) 
Table 6.2 lists 0xz plane for medial and lateral nodes. 
Table 6.2: Angles the resultant of muscle forces make in xz plane. 
illustrated graphically on the craniofacial skeleton as shown in figures 6.3 and 6.4. 
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Figure 6.3: Resultant of muscle forces acting on bony volumes surrounding lower teeth. 
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Angles listed in table 6.2 represent the orientations of the resultant force generated by 
the bony volumes adjacent to teeth in xz plane. Values listed in tables 6.1 and 6.2 are 
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Figure 6.4: Resultant of muscle forces acting on bony volumes surrounding upper teeth. 
Results obtained from the FE models in the current study show the compressive 
stresses generated on the object being chewed. These stresses are directed upward 
from the mandible and downward from the maxilla bone due to the action of 
masticatory muscles. This finding correlates with the physiological function of 
mastication in crushing the object being chewed. This correlation adds confidence to 
the FE models developed in the current study and the methodology adopted in their 
development. 
The horizontal component of the forces generated by the bony regions at the occlusal 
plane is believed to have a role in the maintenance of the structural stability of the 
teeth during mastication by generating compressive stresses at both sides of the 
cortical regions adjacent to the teeth. Thus preventing teeth dislocation during 
function. The vertical component of these forces is believed to aid in crushing the 
object being chewed by generating vertical compressive stresses within the object. 
6.3 The Relationship between Muscles and External Biting 
Forces 
A feature evident in the results of muscle inclusive FE modelling is that external 
biting forces tend to act against muscular forces. Also the results show that the main 
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deformation and strain distribution within skeletal structures is due to the action of the 
masticatory muscles. This feature in the FE models can be seen in figures 4.40 and 
5.38 and it can be observed in the results obtained by Simoes et al. (2000) which show 
that upon the inclusion of more muscular forces while applying a constant external 
force strain levels within the femur are reduced. This correlates very well with the 
results of muscle inclusive FE modelling; that deformations produced from muscles 
are in an opposite orientation to those generated from external biting forces, thus upon 
the application of external biting forces it is expected to observe a reduction in the 
displacements within the skeletal structure. 
6.4 Utilisation of Muscle Inclusive FE Modelling to predict 
Bone and Implant Performance 
The results of muscle inclusive FE modelling provide the ability to predict bony 
implant performance prior to surgical intervention and also the quality of bone 
adjacent to the implant. This provides the ability to predict short and long term 
stability of bony implants. To illustrate this predictive ability, an example is given 
using the zygomatic implant. The following steps illustrate how this can be 
implemented in implant technology. 
Step 1: Implant design and placement 
The first step is to study the design of the bony implant. In this case a zygomatic 
implant is taken which is a threaded bar placed all the way from the upper jaw to the 
zygomatic bone as shown in figure 6.5. 
Figure 6.5: Zygomatic implant. (Noble Biocare ®) 
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The zygomatic implant is used to treat patients with severely resorbed upper jaws and 
for the restoration of masticatory function. Implant placement is important in order to 
know which bony parts the implant will be in contact with which will bear loads 
generated during mastication. In the case of the zygomatic implant the main bony 
volumes the implant is in contact with are the zygomatic, maxilla, and palatine bones. 
Step 2: Utilisation of the results of muscle inclusive FE modelling 
Having established that the zygomatic implant will be in contact with the palatine, 
maxilla, and zygomatic bones the next step is to utilise the results obtained from 
muscle inclusive FE modelling. Figure 6.6 shows the zygomatic implant and its 
schematic placement within the craniofacial skeleton and also the figure shows the 
orientation of stresses generated from masticatory muscles. 
Figure 6.6: Utilisation of the results of muscle inclusive FE modelling to predict the performance of 
zygomatic implant. 
The orientation of stresses generated due to the masticatory muscles follow the 
intrinsic bony trajectories. The following predictions can be made regarding the 
performance of the zygomatic implant, based on the stress distribution in figure 6.6. 
Implant performance adjacent to maxilla and palatine bone: 
Masticatory muscles generate stresses within the bony volume as indicated to by 
arrow 1 in figure 6.6 thus displacing bone medially at this region. Deformations 
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generated due to forces transmitted from the implant to the palatine bone are indicated 
to by arrow 2 in figure 6.6; these deformations are produced due to the resistance of 
the object being chewed. Thus the two stress states and resulting deformations 
discussed above will place the bony region indicated by the blue circle in figure 6.6 to 
large forces and deformations. This situation does not correlate with the biomechanics 
active during healthy functioning of the craniofacial skeleton. The results of muscle 
inclusive FE modelling show that muscle stresses and resulting deformations are in 
opposite directions to those generated due to the resistance of the object being 
chewed. However, in the case of the zygomatic implant the region indicated to by the 
blue circle is experiencing stresses due to muscle forces on the left of it in addition to 
forces transmitted from the implant to the same bony region. 
From the analysis of this situation the following predictions regarding the 
performance of the implant at this bony region could be made. The risk of bone death 
is very high at the region indicated to by the blue circle in figure 6.6. Furthermore, 
this deformation pattern places the region of the implant indicated by the red circle to 
high bending stress, which could cause large bending and possibly fracture of the 
implant at this location. In the healthy case the stress pattern at the proximal region of 
the maxilla is different than the case with the zygomatic fixture in the sense that 
stresses generated within the bony volume at this region due to the action of 
masticatory muscles oppose those generated due to external biting forces. 
Performance of the zygomatic implant at the zygomatic bony region: 
A similar analysis is carried out at the zygomatic bony region such that deformation 
pattern generated from masticatory muscles deform the bony region indicated by the 
green circle in figure 6.6 as shown by arrow 3. At the same time forces transmitted 
from the implant to the same bony region deform bone as shown by arrow 4. This 
deformation is opposite to that produced from muscles. From this deformation pattern 
the following predictions could be made regarding the performance of the implant at 
this location: 
Good bone quality is predicted at the bony region indicated to by the green circle, 
since the situation here is similar to the mechanism utilised to handle biophysical 
forces generated during healthy functioning of the craniofacial skeleton. 
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Comparison of theoretical predictions with clinical findings: 
Predictions derived from the results of muscle inclusive FE modelling discussed 
previously were compared with the performance of zygomatic implants from Noble 
Biocare (Sweden) and the results are shown in table 6.3. 
Table 6.3: Comparison of the results of muscle inclusive FE modelling with clinical findings for 
zygomatic implants. 
The previous example shows the potential of muscle inclusive FE modelling in 
predicting implant performance prior to implantation. This could provide a valuable 
clinical tool in surgical planning, ensuring short and long term stability of the implant. 
Another contribution can be seen in the sense that the design of the implant could be 
modified according to the results of muscle inclusive FE modelling in order to mimic 
the mechanism active during healthy functioning of the craniofacial skeleton. 
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Chapter Seven 
Conclusions and Future work 
7.1 Conclusions on Modelling of the Craniofacial Skeleton 
- One of the main contributions of the work undertaken in the current study is the 
inclusion of nine masticatory muscles in the FE models. Results obtained from the 
FE models highlight the importance of masticatory muscles in dictating the 
biomechanics of the craniofacial skeleton. This insight shows the danger of 
limiting FE models for the craniofacial skeleton to the application of external 
biting forces and drawing conclusions from the results of such models. 
- Comparison of the results obtained from the engineering model of the skull with 
those obtained from mandible and skull anatomical models shows that although 
the engineering model is based on simplified assumptions, it demonstrates some 
valuable insights into the biomechanics of the craniofacial skeleton. 
- Results obtained from all FE models of the craniofacial skeleton developed in the 
current study show that the state of stress within the craniofacial skeleton is 
predominantly compressive as shown in figures 3.42,3.44,4.26,4.35, and 5.33. 
This finding is of special interest since bone has material properties similar to 
those of a brittle material. It is also known that a brittle material has its maximum 
stiffness and strength under a compressive loading regime. Thus bone being under 
a compressive state of stress would result in its having maximum stiffness and 
strength, which are main requirements in load bearing structures. 
-A "swing and slide" motion was observed for the temporomandibular joint in the 
case of the mandible and skull anatomical models. This motion is the same motion 
observed for the mandible in vivo during mastication. This additional degree of 
realism is believed to result from using contact elements between the articulating 
surfaces of the skull and the mandible in the FE models. The same motion is 
observed from MRI scans of the joint during mastication. This correlation adds 
confidence to the results obtained from the FE models developed in the current 
study. 
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- Having the magnitudes of muscular forces applied to the FE models within the 
physiological range is essential to obtain an accurate picture for the biomechanics 
of the craniofacial skeleton. This aspect was checked by calculating the magnitude 
of external biting forces applied to the object being chewed. The value of this 
external biting force is within the physiological range obtained from in vivo and in 
vitro experiments as seen in table 6.1. This finding indicates that the magnitude of 
muscular forces applied to the FE models are comparable to their physiological 
values. 
-A comparison was done between the results obtained from skull engineering 
model, mandible anatomical model, and skull anatomical model and it was found 
that similarities exist between the models, which gives confidence in the 
methodology and general approach used in the current study. 
- It was found that making the process of applying muscular forces automated using 
a computer program written in APDL (ANSYS Parametric Design Language) to 
be very helpful in applying the large number of parameters that need to be input at 
each stage during the masticatory cycle. Also this approach is useful when 
performing parametric studies. 
7.2 Conclusions on the Biomechanics of the Craniofacial 
Skeleton 
One of the main aims of the work done in this study is to investigate the biomechanics 
of the craniofacial skeleton. The following summarises the biomechanics of the 
craniofacial skeleton as observed from the results obtained in the current study. 
7.2.1 Displacements of the Craniofacial Skeleton 
It has been noticed from computer models developed in this thesis that displacements 
of various regions of the craniofacial skeleton are generated due to the action of 
masticatory muscles as shown in figures 4.14,4.17,4.29,4.30, and 5.23. One of the 
aims of these movements is to manoeuvre the object being chewed to come into 
contact with the upper and lower teeth, generating compressive stresses within the 
bony regions at the occlusal plane, which facilitate masticatory function as seen in 
figures 4.20 and 5.25. 
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7.2.2 Regions where Biophysical Forces are handled 
A very important concept that needs to be clarified in order to understand the 
biomechanics of the craniofacial skeleton is the determination of the regions where 
forces generated during mastication are handled. It has been proposed in the literature 
that forces generated during mastication are transferred and dissipated somewhere in 
the base of the skull. This proposition is seriously questioned based on the results of 
this current study. As seen in figures 3.30,4.20, and 5.24 it is clear that regions where 
main load handling occurs are bony trajectories extending from muscular attachments 
to the bony regions adjacent to the occlusal plane (i. e. proximal part of maxilla, distal 
part of the mandible). 
7.2.3 Deformations within the Craniofacial Skeleton 
Within the craniofacial skeleton deformations are generated due to the action of 
masticatory muscles. These deformations and resulting strains are utilised in 
masticatory function, such that the results of the finite element models developed in 
this thesis show the following effects due to structural deformations generated by the 
action of masticatory muscles: 
a) Horizontal components of deformations (i. e. parallel to the occlusal plane) of 
the bony regions adjacent to the middle third of upper and lower teeth act to 
generate compressive deformations within the middle region where teeth are 
located. This observation suggests that these deformations ensure structural 
stability for the teeth during mastication, such that the risk of tooth loosening 
during function is eliminated. 
b) The vertical component of these deformations is believed to cause compressive 
stresses within the object being chewed. This action is believed to aid in 
crushing the object being chewed and accomplishing masticatory function. 
7.2.4 Effect of the Object being chewed 
A factor in the biomechanics of mastication is the object being chewed. An object 
placed between the lower and upper teeth provides mechanical impedance to vertical 
displacements of the bony region previously mentioned and a resistance to the closure 
of the occlusal planes. This mechanical impedance depends on the stiffness and 
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density of the object being chewed. It has been observed from the results obtained that 
external biting forces resulting from this object have the effect of reducing upward 
deformation in bony regions adjacent to the occlusal plane. This indicates that 
deformations generated due to external biting forces on the craniofacial skeleton 
oppose those produced from muscular forces. 
This phenomenon can be seen from figures 4.17,4.30,4.38,4.53, and 5.38. It is also 
apparent from the results that muscles generate the strain map within the craniofacial 
skeleton and not external biting forces. This is evident in figures 4.17,4.30, and 4.38, 
which show that the orientation of stresses and strains generated from muscular forces 
is not altered due to the application of external biting forces. 
The predominant approach of investigation as observed from the literature has been to 
concentrate on biting forces, for load assessment, neglecting the effect of muscle 
intrinsic forces. The importance of this approach is seriously questioned based on the 
results of the current study. Various attempts are made to explain the biomechanics of 
the skull and to design implants by concentrating on external biting forces. However, 
many problems with implant stability are encountered and also there is an obvious 
inability to explain various phenomena observed during in vivo and in vitro testing of 
human and animal models based on this approach. This phenomenon of displacement 
and deformation reduction upon the application of external biting forces appeared in 
the results of various researchers (Endo, 1966; Oyen et al., 1996; Alexandridis et al., 
1981). They either did not comment on it or concluded that there must be a mistake or 
incomplete understanding of the biomechanics of the craniofacial skeleton. 
7.2.5 Effect of changing Biting Location 
To investigate the effect of varying biting locations, two biting locations were 
investigated (i. e. molar and incisor biting). Different biting locations resulted in the 
following effects on strain distribution within the craniofacial skeleton: 
a. In all biting locations there. is a reduction in deformation generated due to 
muscular forces. 
b. There was no significant alteration in the orientation of deformations upon the 
application of external biting forces. This finding also highlights the fact that 
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muscular forces are the main source of displacements and deformations within 
the craniofacial skeleton. 
It is worth mentioning that neglecting the active role of skeletal muscles when 
studying the biomechanics of the craniofacial skeleton could be a major factor in 
problems encountered with ensuring long term stability of implants in addition to 
various other problems encountered in skeletal reconstruction. 
7.2.6 Temporomandibular Joint 
A lot of discussion in the literature has been raised regarding the loading environment 
of the TMJ during mastication. Results obtained in this study show that during 
mastication the joint is always in a state of compression (i. e. mandibular condyles are 
moving upward and compressing the articular disc within the joint) as shown in figure 
5.23. This compressive state within the TMJ is believed to provide joint stability 
during function, such that having a compressive state of stress within the joint helps to 
prevent dislocations during mastication. Results obtained from this study highlight the 
importance of the articular disc within the TMJ. This observation highlights, from a 
clinical perspective, the importance of the articular disc within the TMJ and that the 
state of this disc should be considered when planning surgical intervention. 
7.3 Future Work 
The following may be recommended for future work: 
1. It would be beneficial for clinical applications if the geometry of various bony 
structures of the craniofacial skeleton could be generated using automated 
techniques. This would allow patient-specific investigation of the effect on skull's 
structural integrity due to alterations in the morphology, muscular attachments, 
etc. resulting from surgical intervention. This could be achieved by developing a 
technique to import a set of CT or MR scans of a patient and reconstruct a 3D 
volume from the images. The volume could be then meshed and FEA could be 
used. 
2. Models developed in this study for the craniofacial skeleton could be used to 
study optimal implant parameters and also to investigate the effect implants would 
have on the biomechanics of the human skull. This would allow predictions of 
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sites at risk of bone death and loss of implant stability. Thus decisions could be 
made regarding changes in certain implant parameters to minimise or avoid such 
situations without the need for a trial and error approach which is the current 
practice in implant technology. This trial and error approach to implant design and 
placement within the craniofacial skeleton causes pain, discomfort, and the need 
for repetitive surgical interventions. 
3. The results of more accurate determination of bone mechanical properties using 
more advanced material characterisation techniques and controlled testing of bone 
specimens could be integrated in the finite element models which would give 
deeper insights into the structural response of human skull due to the application 
of biophysical forces. 
4. Sources containing data on muscular forces are scare. In the future if new 
techniques are available to obtain more accurate determination of muscular forces 
during various stages of the masticatory cycle, then this newly obtained data could 
be integrated into the FE models to get a more realistic loading regime on the 
craniofacial skeleton. 
5. A future step in modelling of skeletal muscles is to model the muscles as a series 
of actuators extending between masticatory muscles origins and insertions. 
6. Masticatory muscles attachments were modelled as lines of attachments in the 
current study. A future step would be to model these attachments as areas 
mimicking the regions of attachments of masticatory muscles. 
7. A more realistic modelling of the object being chewed would be to use contact 
elements between the object and the upper and lower teeth. 
8. The approach adopted in this current study in applying a more realistic muscular 
loading could be extended to other skeletal structures such as the femur, spine, 
humerus, etc. which would highlight the active role of skeletal muscles in the 
biomechanics of skeletal structures. 
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Appendix A: Listing of muscle force components 
used in FE models. 
Table A. 1: Masticatory Muscles force components used in skull finite element models. 
Muscle force component 
Time (s) Active force Maximum Fx F Fz 
factor Force (N) 
0 0.46 104.2 18.13 90.65 52.1 
0.1 0.47 107.39 18.6 94.82 50.47 
0.2 0.56 127.68 22.216 114.66 56.18 
0.3 0.63 143.41 24.95 130.51 58.8 
0.4 0.72 164.16 28.56 152.67 61.6 
0.5 1.1 250.8 43.64 235.75 85.77 
0.6 0.99 226.40 39.39 215.31 70.19 
0.7 0.83 189.01 32.89 181.45 52.17 
0.8 0.83 189.01 32.89 183.34 45.74 
0.9 0.8 182.4 31.74 178.75 38.3 
1 0.69 156.41 27.22 154.06 27.22 
Deep Masseter 
Muscle force component ( N) 
Time (s) Active force Maximum Fx Fy Fz 
factor Force (N) 
0 0.15 13.62 5.22 13.6 0.48 
0.1 0.2 18.4 7.05 18.4 0 
0.2 0.34 31.37 12.02 1.1 -1.1 
0.3 0.5 46 17.62 3.22 -3.22 
0.4 0.67 61.64 23.61 6.16 -6.16 
0.5 1.1 101.2 38.76 14.17 -14.17 
0.6 1 92 35.24 16.01 -16.01 
0.7 0.86 79.12 30.30 16.61 -16.62 
0.8 0.8 73.6 28.19 17.81 -17.81 
0.9 0.77 70.84 27.13 19.55 -19.55 
1 0.65 59.98 22.97 18.6 -18.60 
Temporal 
, 
Anterior 
Muscle force component N 
Time (s) Active force Maximum Fx F Fz 
factor Force (N) 
0 0.19 26.96 2.10 2.43 -6.98 
0.1 0.3 42 3.28 5.12 -12.26 
0.2 0.46 64.4 5.02 10.30 -21.25 
0.3 0.6 84 6.55 16.04 -30.24 
0.4 0.74 103.74 8.09 23.34 -40.56 
0.5 0.76 106.82 8.33 27.77 -45.19 
0.6 0.87 122.37 9.55 35.49 -55.56 
0.7 0.8 112 8.74 36.96 -54.32 
0.8 0.8 112 8.74 40.32 -58.24 
0.9 0.75 105 8.19 41.1 -57.23 
1 0.63 88.2 6.88 37.31 -50.63 
Muscle force component (N) 
Time (s) Active force Maximum Fx Fy Fz 
factor Force (N) 
0 0.34 61.74 38.9 42.91 -42.91 
0.1 0.48 86.4 54.43 62.21 -62.21 
0.2 0.63 113.15 71.28 83.73 -83.73 
0.3 0.77 138.6 87.32 106.72 -106.72 
0.4 0.76 136.8 86.18 108.07 -108.07 
0.5 0.6 108 68.04 87.48 -87.48 
0.6 0.73 131.4 82.78 109.06 -109.06 
0.7 0.79 141.48 89.13 120.26 -120.26 
0.8 0.75 135 85.05 117.45 -117.45 
0.9 0.69 124.2 78.25 109.67 -109.67 
1 0.63 113.4 71.44 102.06 -102.06 
Medial ... 
Muscle force component 
Active force Maximum Fx Fy Fz 
Time (s) factor Force (N) 
0 0.257 45.23 -15.47 40.30 20.54 
0.1 0.25 44 -15.05 40.04 18.61 
0.2 0.343 60.37 -20.65 55.54 23.60 
0.3 0.5 88 -30.1 81.84 31.50 
0.4 0.63 110.88 -37.92 105.34 36.59 
0.5 1.17 205.92 -70.43 197.68 59.72 
0.6 1.029 181.10 -61.94 174.95 47.09 
0.7 0.83 146.08 -49.96 141.7 32.87 
0.8 0.8 140.8 -48.15 138.27 26.89 
0.9 0.77 135.52 -46.35 134.17 21.68 
1 0.67 117.92 -40.33 116.98 14.39 
: Lateral ... (Inferior Head) 
Muscle force com onent N 
Active force Maximum Fx F Fz 
Time (s) factor Force (N) 
0 0.44 24.64 -18.48 15.52 19.2 
0.1 0.46 25.76 -19.32 16.9 19.32 
0.2 0.50 28.22 -21.178 19.25 20.6 
0.3 0.53 29.85 -22.39 21.19 21.19 
0.4 0.58 32.48 -24.36 23.71 22.15 
0.5 0.62 34.72 -26.04 26.04 22.92 
0.6 0.64 35.84 -26.88 27.96 22.58 
0.7 0.65 36.4 -27.3 29.12 21.84 
0.8 0.67 37.52 -28.14 30.77 21.54 
0.9 0.63 35.28 -26.46 29.64 19.23 
1 0.63 35.28 -26.46 30.34 18.35 
... . - Lateral , Muscle force component N 
Active force Maximum Fx Fy Fz 
Time (s) factor Force (N) 
0 0.97 30.91 -14.03 26.89 15.46 
0.1 0.93 29.76 -13.51 26.28 13.99 
0.2 0.9 28.8 -13.08 25.86 12.67 
0.3 0.87 27.84 -12.64 25.33 11.41 
0.4 0.9 28.8 -13.08 26.78 10.8 
0.5 1.2 38.4 -17.43 36.1 13.13 
0.6 1.2 38.4 -17.43 36.52 11.90 
0.7 0.99 31.90 -14.48 30.63 8.81 
0.8 0.96 30.72 -13.95 29.8 7.43 
0.9 0.96 30.72 -13.95 30.11 6.45 
1 0.96 30.72 -13.95 30.26 5.35 
Muscle force component 
Time (s) Active force Maximum Fx Fy Fz 
factor Force (N) 
0 0.54 21.64 12.98 -17.31 -20.77 
0.1 0.64 25.6 15.36 -20.48 -24.58 
0.2 0.7 28 16.8 -22.4 -26.88 
0.3 0.72 28.8 17.28 -23.04 -27.65 
0.4 0.76 30.24 18.14 -24.19 -29.03 
0.5 0.76 30.52 18.31 -24.42 -29.3 
0.6 0.76 30.52 18.31 -24.42 -29.3 
0.7 0.72 28.76 17.26 -23.01 -27.61 
0.8 0.67 26.8 16.08 -21.44 -25.73 
0.9 0.58 23.2 13.92 -18.56 -22.27 
1 0.57 22.81 13.69 -18.25 -21.9 
. .. muscle 
myll (Posterior most 
portion) Active force Maximum 
Muscle force component (N) 
factor Force (N) Fx Fy Fz 
Time s 
0 0.69 12.99 -10.01 -8.36 3.14 
0.1 0.69 12.88 -9.92 -8.28 3.12 
0.2 0.61 11.49 -8.85 -7.39 2.78 
0.3 0.53 9.94 -7.65 -6.39 2.41 
0.4 0.45 8.49 -6.54 -5.46 2.06 
0.5 0.4 7.5 -5.78 -4.82 1.82 
0.6 0.32 6 -4.62 -3.86 1.45 
0.7 0.25 4.74 -3.65 -3.05 1.15 
0.8 0.19 3.51 -2.7 -2.25 0.85 
0.9 0.15 2.76 -2.12 -1.77 0.67 
1 0.11 2.06 -1.59 -1.33 0.5 
Myl0hy0id muscle 
m y12 Muscle force component (N) 
Time (s) Active force 
factor 
Maximum 
Force (N) 
Fx Fy Fz 
0 0.65 12.24 -10.71 -5.94 2.65 
0.1 0.65 12.19 -10.66 -5.91 2.63 
0.2 0.61 11.49 -10.06 -5.58 2.48 
0.3 0.53 9.94 -8.7 -4.82 2.15 
0.4 0.45 8.49 -7.43 -4.12 1.84 
0.5 0.41 7.74 -6.78 -3.76 1.67 
3 
0.6 0.33 6.19 -5.42 -3.00 1.34 
0.7 0.27 5.01 -4.38 -2.43 1.08 
0.8 0.21 3.99 -3.5 -1.94 0.86 
0.9 0.16 3 -2.63 -1.46 0.65 
1 0.13 2.49 -2.18 -1.21 0.54 
Mylohy0id muSdeý 
my13 Muscle force component N 
Times 
Active force 
factor 
Maximum 
Force (N) 
Fx Fy Fz 
0 0.48 9 -8.37 -3.30 2.18 
0.1 0.45 8.44 -7.85 -3.1 2.04 
0.2 0.43 8.06 -7.5 -2.96 1.95 
0.3 0.37 6.94 -6.45 -2.55 1.68 
0.4 0.33 6.19 -5.76 -2.27 1.5 
0.5 0.29 5.49 -5.11 -2.02 1.33 
0.6 0.25 4.74 -4.41 -1.74 1.15 
0.7 0.21 3.94 -3.66 -1.45 0.95 
0.8 0.19 3.51 -3.26 -1.29 0.85 
0.9 0.17 3.24 -3.02 -1.19 0.79 
1 0.15 2.87 -2.67 -1.05 0.69 
myl4 (Anterior most 
portion) 
Muscle force component (N) 
Times 
Active force 
factor 
Maximum 
Force (N) 
Fx Fy Fz 
0 0.25 4.74 -4.7 -0.54 1.23 
0.1 0.23 4.31 -4.27 -0.49 1.12 
0.2 0.19 3.51 -3.47 -0.4 0.91 0.3 0.17 3.24 -3.21 -0.37 0.84 0.4 0.15 2.87 -2.84 -0.33 0.75 0.5 0.15 2.76 -2.73 -0.31 0.72 
0.6 0.15 2.76 -2.73 -0.31 0.72 
0.7 0.15 2.76 -2.73 -0.31 0.72 0.8 0.15 2.76 -2.73 -0.31 0.72 0.9 0.15 2.76 -2.73 -0.31 0.72 1 0.13 2.49 -2.47 -0.28 0.65 
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Appendix B: APDL Code for Loading of Mandible Finite 
Element Model. 
E3.1 Introduction 
Finite element model of the mandible developed in this study was loaded with masticatory muscle 
forces changing both in direction and magnitude as time passes during the masticatory cycle, thus 
two choices exist to load the model with these forces: 
1. The first choice is to manually input these forces for each load step and each muscle, this 
task is time consuming and impractical due to the large number of values to be entered. 
2. The second choice is to make the whole process automated by writing a program that will load 
the mandible with muscle forces for each load step and initiates the solution. This has the 
advantages of robustness and the ability to conduct parametric studies. 
In this study the second choice has been adopted, and a code is written using ANSYS Parametric 
pesign Language (APDL). The APDL code applies muscle forces on the finite element models 
developed in this study and initiates the solution as shown below: 
Load case (n) 
Application of muscle forces 
on specified nodes on mandible 
finite element model 
1 
Specifying: 
- Muscle force magnitude for load case (n) 
- Muscle force orientation for load case (n) 
Solving load case (n) 
Saving the results for all 
load cases (n=1 to 11) 
Review the res u Its 
Appendix B/ APDL Code for Loading of Mandible Finite Element Model. 
Furthermore, if it's needed for example to do a parametric study on the finite element models or in 
modelling a pathological scenario like changes in masseter muscle input due to a damaged nerve 
for example then the automated technique used in this study has the ability to model this by 
changing a certain parameter in the code, which is related to force output from masseter muscle and 
then running the code which will automatically include the changes and generate results based on 
this scenario. Nodes at which muscle forces are applied on are shown in figure B. 1. 
Figure B. 1: Muscles attached to nodes on mandible finite element model. 
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g2 Code listing 
The following is a list of the APDL code, this code applies and initiates the solution for mandible 
tt iü element model, a similar code can be written for the engineering and skull anatomical 
models. Comments explaining the code are included within the listing. 
ynmalea included 
Superfidel m serer 
Deep u: eaeeterae 
Anterior temporelis: 
Posterior tempo[e 
Hedial pterygoid 
Lateral Ptarygoid (Superior Head) 
Lateral pterygoid (Inferior Head) 
Digaatric muscle 
Hylohyoid including all four portions of the muscle 
/[ILKA-, FORCES 
/TITLE, FORCES 
/PRE P7 
[INISH 
/SOLO 
ANTy PE, TRANS 
TEHOyr, FULL 
1 Lead etey 1 
" UPERrZCZJLL b eCLT{A 
RIGHT SIDE of the mandible 
[orten are applied on specific nodes as follov,: 
! [or c, Node number, 
Force component, [once magnitude 
r, 705, Cx, 1.65 
r, 70S, FY, 8.24 
["705, FZ, 4.74 
[ 724 , FX, 
1.65 
[, 724, CY, 8.24 
r, 724, FZ. 4.74 
[, 725, CX, 1.65 
1,725.15.8.24 
[, 725, CZ 4.7 
[, 726,! X, 
1.65 
[, 726, PY 8.24 
T, 726, [Z, . 
74 
F, 727. PX, 
1.65 
T, 727, FY, 8.24 
727, F2,4.74 
[, 728, CX, 
1.65 
f, 728, CY, 
8.24 
[, 728, FZ, 
4.74 
[, 861,1,1 . 
65 
r, 663, CY, 
8.24 
r, 863, CZ, 
4.74 
[, 1238 FX. 8.65 
[, 
21238, 
. y, 8.24 
[, 138, P2,4.74 
[, 2404, PX, 
1.65 
Appendix B/APDL Codefor Lowhng ofMaMiMe Finite Element Model. 
F. 
8+68+6, 
, 
rX" 0.87 
r, PZ0.08 
r8+6, 
x, 0.87 
r, e+7"f , 
r, e+7"(z, 0.08 
r, e+7" 
LLrT SIDE 
r, 237, F%" -0.87 
r, 237, rY, 
2. 
"3 
f, 277, PZ'00.87 
y r. 
2+1, 
: 
0 r, 
241, ' 08 
r, 2+1, r2,0.87 
r, 255"rX'23 
x, 255, 
FZ O, OB 55, ' r, 2 
f, 256, r%' 
0.87 - 
r 256, 
Z, 0.08 
r. 25e, 
x: -0; 87 
r, 258, rY 
2.3 
f, 250 , 
0. aB 
r 265, 
rX, -0.87 
r 265, rY, 
2.3 
F. 265, rZ, 
0 , 08 
yýypzon 
smýowwss 
RIGHT SIDE 
T 931, 
[%"0.53 
T. 931. PY. 
0.61 
T. 93P2"1.75 
r, 979,. 
053 
T. 97 
TY. 0.61 
'. 919. 
TZ. -1.75 
[, 101 8. 
T%"0.57 
[, 1018"PY, 
0.61 
P, 101B"[Z"-1.75 
019. T% 0.53 
[, 019"PY"0.61 
3019.11 
1.75 
y6PT SIDE 
[. 376. 
[%" -0.53 
}76, TY, 
0.61 
P. 
P. 716. 
PZ. -. 53 
419 , 
[1(, -0.57 
1.419" 
j. 
71 
P, 419"[%, -0.53 
f. 
4426 26"[Y. 
0.61 
4Z6'[%"-1.75 0.53 
F, 4; 7 PY. 0.61 
r x427, PZ. -1.75 
Appendix B/APDL Code fnr Gooding ofMnndih/e Flnue F. lemeru Modnl. 
F, 2404, FY, 8.24 
F, 2404, FZ, 4.74 
F, 2405,2X, 1.65 
F, 2405, FY, 8.24 
F, 2405, F2,4.74 
2,2446,0X, 1.65 
F, 2446, FY, 8.24 
F, 2446, FZ, 4.74 
LEFT SIDE of mandible 
F, 120, FX, -1.65 
F, 120, FY, 8.24 
F, 120, F2,4.74 
F, 176, F" -l. 65 
F, 176, FY, 8.24 
F, 176, F2,4.74 
F, 177, FX -l 
F, 177, FY, .. 24 
F, 177, FE, 4.74 
F, 178, FX, -1.65 
F, 278, FY, 8.24 
Fr178, FZ, 4.74 
F, 179, FX, -1.65 
F, 179, FY, 8.24 
F. 179, F2,4.74 
F, 180, FX, -1.65 
F, 180, FYr 8.24 
Fr 180, F2,4.74 
F, 282, FX, -1.65 
F, 282, FY, 8.24 
F, 282, F2,4.74 
F, 1300, FX-1.6 
F, 1300, 
,4 
F, 1300, 
FY8.24 
F, 2399, FX, -1.65 
F, 2399, FY, 8.24 
F, 2399, Fl. 4.74 
F, 2400, FXr -1.65 
F, 2400, FY, 8.24 
F, 2400, Fl, 4.74 
F, 2490, FX, -1.65 
F, 2490, FY, 8.24 
F, 2490, F2r 4.71 
I DZEP MSSITEA 
1 RIGHT SIDE 
F, BB,, X,. 87 
Fý 808 , 0,2.3 
F, 808, r2,0.08 
8,824,870,0.87 
r, 82/, FY, 2.3 
F, 824, FZ, 0.08 
F, 830. F%, 0.87 
2,830, FY, 2,3 
F, 830, FZ. 08 
F, 843, r%, 0.87 
F, 843, FY, 2,3 
8,843, F2,0.08 
AOOuid. B/APDL C. &f rLondie fA* dibl Finite Element Mrdel 
I PO TMOR TDUOUyis 
RIGTH SIDE 
F, 926, FX, 5.6 
F, 924, FY, 6.13 
F, 926, FZ, -6.13 
F, 925, F%, 5.6 
F, 925, FY, 6.13 
F, 925, FZ, -6.13 
F, 926, FX, 5.6 
F, 926, FY, 6.13 
F, 926, FZ, -6.13 
F, 927, F% , 5.6 
F, 927, FY, 6.13 
F, 927, FZ, -6.13 
F, 928, FX, 5.6 
F, 926, FY, 6.13 
r FZ -6.13 
F, 929,9X, 5.6 
F, 929, FY, 6.13 
F, 929, FZ, -6.13 
9,930, [X, 5 
9,930, FY, 6.6 . 13 
[, 930, FZ, -6.13 
LEFT SIDE 
F, 369, FX, -5.6 
F, 369, FY, 6.13 
F, 369, FZ, -6.13 
F, 370, FX, -5.6 
F, 370, FY, 6.13 
F, 370, FZ, -6.13 
F, 371, FX, -5.6 
F, 371, [Y, 6.13 
F, 371, FZ, -6.13 
F, 372, FX, -5.6 
F, 372, FY, 6.13 
F, 372, FZ, -6.13 
F, 373, FX, -5.6 
F, 373, FY, 6.13 
F, 373, FZ, -6,13 
[. 374, [X, -5.6 
F, 374,11,6.13 
F, 374, FZ, -6.13 
[, 375, [X, -5.6 
F, 375, FY, 6.13 
F, 375, FZ, -6.13 
I IQDIAL PTXRT ID 
I RIGHT SIDE 
F, 992, FX, -2.6 
r. 942, FY, 6.72 
F, 942, FZ, 3.42 
F, 943, FX, -2.6 
F, 963, FY, 6.72 
F, 943, FZ, 3.42 
Appendix B/APDL Code for Loading ofMmwh'A! e Einire El-r Modd.. 
1,941,1X, -2.6 
r, 941 FY, 6.72 
F, 944, FZ, 3.12 
1,945, F%, -2.6 
7,915, FY, 6.72 
[, 945, FZ, 3.42 
F, 946, F%, -2.6 
F: 9 4 6, FY, 6.72 
[, 946, F2,3.42 
[, 1068, x, -2.6 
r, 1068, FY, 6.72 
[, 1068, FZ, 3.42 
LEFT ZIDe 
F. 351, FX, 2 .6 
1,351, FY, 6.72 
t, 351, FZ, 3.42 
1.352. FX ,2.6 
F, 352, PY, 6.72 
, 52z, 3" 02 
F. 353, F%, 2.6 
F, 353. FY, 6.72 
1,353,12,3.12 
[, 354,1X, 2.6 
...... FY, 6.72 
F, 354, FZ, 3.42 
t: 
355 
355,1X, 2.6 
, FY, 
6- 72 
[, 355, F2,3.42 
483, F3(. 2,6 
[. 483, FY. 6.72 
[, 483, FZ, 3.42 
kjznRAI. F ZPTGOID 
(IRYZRIOR UAD) 
RIGHT SIDE 
F, 619, A, -31.7 
l, 619, PY, 3. 
l, 619, FZ, 3.81 
[, 622, F%, _3.7 
T, 622, FY33. 
T, 622, PZ, 3.81 
[, 623, Y%. -3-, 
t, 623, PY, 3.1 
F. 623. rZ, 3.86 
l, 630. rx. -3.7 
1.630, FY, 3.1 
T, 630, [Z. 3.84 
, 
633. Tx, -3.7 
T, 633, PY, 3.1 
F. 633, EZ, 3.84 
LEFT SZDE 
t, 20, rX, 3.7 
20, FY, 3.8l 
F. 20, 'Z, 
7 
Aypendis B/APDL Corte for Londilg ofMarohble Finite Element Model. 
r. 2642, Fx, 
4.3 
F, 2642, FY, -5.8 
f, 2642,1Z, '6.9 
!, 1643. [X"'4.7 
I. 2643, FY"'5.6 
r. 2643 rz, -,, 
9 
[, 2644, [X"-4.3 
[, 2644, FY"-5.8 
ý090LSD 
9NBCLI 
95L 
! ,, IT SIDE 
r, 2681"rx"-5 
[, 2681" FY, -4,2 
F. 2661, FZ"1.6 
[2682,6X, - 
6,2662.66.2 
["2682,62"-1.6 
! I"'T SIDE 
[. 2669,6X' 
54.2 
[, 266 9, 
r2 _1.6 [, 2669, 
[, 2670.6X"5 
[, 2670, FY, -4.2 
r, 2671, 
[Z, 
! wLS 
, GIT SIDE 
f, 2683, FY, -2.91 
[, 263,62, -1.3 
r, 264 
54 
[ 26 4., 
1[Y2 ", --2.97 
.8 
LmrT SIDE 
[, 2671.6X"5.1 
[, 2671, 
[Y, -2.97 
fý2671.62, -1.3 
, 
2672X, 
5. / 
f. 2672, 
FY""2.97 
f, 2672, 
rZ3 
N"1.3 
! ßIGH? 
SIDE 
f"T663"[X"- 
2.79 
["2665, 
[Y, -1.1 
[, 2685. 
FZ, -0.77 
[. 1686. 
! X"-2.79 
[, 2666, 
[6, -1.1 
9 
Appendix B/APDL Codefor Loading ofMnndil/e Finite FI-em Mold.. 
F, 21, FX, 3.7 
F, 21, FY, 3.1 
F, 21, FZ, 3.14 
F, 25, FX, 3.7 
F, 25, FY, 3.1 
F, 25, FZ, 3.81 
F, 31, FX, 3.7 
F, 31, FY, 3.1 
F, 31, FZ, 3.84 
F, 32, FX, 3.7 
F, 32, FY, 3.1 
F, 32, FZ, 3.81 
I LRTIIAL PTEPTWID (SUPERIOR READ) 
RIGHT SIDE 
F, 625, FX, -3.5 
E, 625, FY, 6.72 
F, 625, F2,3.9 
F, 626, FX, -3.5 
F, 626, FY, 6.72 
F, 626, FZ, 3.9 
F, 627, FX, -3.5 
F, 627, FY, 6.72 
F, 627, FZ, 3.9 
F, 629, FX, -3.5 
F, 629, FY, 6.72 
F, 629, F2,3.9 
LEFT SIDE 
F, 26, FX, 3.5 
F, 26, FY, 6.72 
F, 26, FZ, 3.9 
F, 27, FX, 3.5 
F, 27, FY, 6.72 
F, 27, FZ, 3.9 
F, 28, F%, 3.5 
F, 28, FY, 6.72 
F, 28, F2,3.9 
F, 29, F?, 3.5 
F, 29, FY, 6.72 
F, 29, FZ, 3.9 
DIGUTRIC NUSCLI 
RIGHT 3XDE 
F, 2637, FX, 4.3 
F, 2637, Fy, -5.8 
F, 2637, FZ, -6.9 
F, 2639, FX, 4.3 
F, 2639, FY, -5.8 
F, 2638, FZ, -6.9 
F, 2639, FX, 4.3 
P, 2'3': 'Y: -'. ' 
Fr2639FZ-6.9 
LEFT SIDE 
a 
App,, dL B/APDL Code for Loodigg of Mondthk Fioiio El-, Model. 
F, 26B6, FZ, -0.73 
F, 2687, FX, -2.79 
F, 26B7, FY, -1.1 1 
F, 2687, FZ, -0.77 
LEFT SIDE 
F, 2677, FX, 2.79 
F, 2671, FY, -1.1 
F, 2677, FZ, -0.77 
F, 2671,! X, 2.79 
F, 2671, PY, -1.1 
F, 2674, FE, -0.73 
F, 2675, FX, 2.79 
F, 2675, FY, -1 
9', 2675, FZ, -0.73 
t MM 4 
1 RIGHT SIDE 
F2688, Fx, -1.2 
F: 2688, FY, -0.13 
F, 2688, FZ, -0.31 
F, 2689, Fx, -1.2 
F, 2689, FY, -0.13 
F, 2689, FZ, -0.31 
F, 2690, Fx, -1.2 
F. 2690, FY, -0.13 
F, 2690, FZ, -0.31 
F, 2691, Fx, -1.2 
F, 2691, FY, -0.13 
F, 2691, FZ, -0.31 
serer SIDE 
F, 2676, FX, 1.2 
F, 2676 , FY, -0.13 
F, 2676, F2, -0.31 
F, 2677, FX, 1.2 
F, 2677. FY, -0.13 
F, 2671, FZ, -0.31 
F, 2678, FX, 1,2 
F, 2670, FY, -0.13 
F, 2678, F2, -0.31 
F, 2679, FX, 1.2 
F, 2679, FY, -0.13 
F, 2679, FZ, -0.31 
t Gravity a2fect !a included sa folloua: 
f Aecela res ion aua so gravity, x-component, y-component, a-Component 
ACEL, O, -9. $1,0 
1 RIGHT SIDE 
DL, 17, UX, 0 
DL, 17UY, -0.007 
DL, 17UZ, 0.006 
DL, 17,, ROTY, 0 
10 
App, dirB/APDL Cow fru Loudiýrg ofMundibkFinire Elo-I Model. 
DL, 17, , AOTZ, 
O 
! LEFT SIDE 
DL, 20, V%, 0 
DL. 20 . UY, -0.007 
DL, 20  UZ, 
0.006 
GL, 20  ROTY. 
0 
DL, 20  ROTZ, 
0 
YSUB T, 1 
xsc, 0 
ruTReS, ALL, 1 
OUT PR, IASXC 
TIme, 0.1 
LSWRIT61 
I In1Clition of solution 
SOLVE 
. ypRp iTn? 2 
. pay y. gitudaa and oriantatiana for nrltioatory 00. ol. a or applied 
I in thi" load atop and IL il.. Iy L. ether lead atop. 
gVpyRTICIIV. HRIDRTIR 
r RIGHT SIDE 
F. 705, FX, 1.7 
F, 105, FY, 8.62 
F. 705, FZ, 1 .6 
8.724, F%, 1.7 
F. 724, rY, 8.62 
r, 724, FZ, 4.6 
[, 725, rX, 1.7 
r 725, FY, 8.62 
r, 725, r2,4.6 
F, 726, FX, 1.7 
F. 726, FY, 8 . 62 
F, 726, F2,4.6 
F. 727, [x, 1.7 
F. 721, rY, 8.62 
F. 127, U 4.6 
F, 720, OX, 1.7 
F. 728, FY. 8.62 
r, 728, FZ, 1.6 
F. 863, FX, 1.7 
F. 863, rY, 8.62 
F. 863. FZ, 4.6 
F. 1238, FX, 1.7 
r, 1238, [Y, 8.62 
1238, FZ, 4.6 
F, 2404, FX. 1.7 
F. 2404, FY, 8.62 
!, 2404, FZ, 4-6 
8,2405, FX, 1.7 
F. 2405, FY, 8.62 
[, 2405, FZ, 4.6 
!, 2446,8X. 1.7 
II 
Appendix R/APDL Cole for Loading of Mmdiblr Finite Element Madd. 
LerT 9iDe 
a 2,7, r%, -1.2 
r, 237, FY, 
3.1 
r237, FZ, 
0 
r 241, rx, -1.2 
F, 241, FY, 
3.1 
F, 241, tZ, 
0 
F, 255, rx, -l. 
2 
t, 255, FY"3.1 
r, 255, rZ, 0 
F, 256. FX, -1.2 
t, 256, rY, 
3.1 
[, 256, [2,0 
[, 258 r% 
r 25B FY, 
3.1 
r258, F8,0 
[, 265, [x, -1.2 
r, 265, FY, 
3.1 
F, 265, FZ, 
0 
I ", "OR TD 
POW. IS 
1 RIGHT SIDE 
[, 931, TX, 
0.82 
r, 931. [Y, .J 
f 931,1 -J. 
1 
[ 97 9, rX, 
0.82 
[, 979Y1.3 
[, 979, x2,0.82 
P, 1018, rx, 
T, 1019, PY, 
1.7 
[, 038, [2, -3.1 
P, 3019, PX, 
0.82 
1019, [Y, 1.3 
1019, fZ, -3.1 
( LOTT 12D9 
T, 376, PX. -0. 
B2 
r, 376, rY, 
13 
P. 376, CZ. -3.1 
T, 119. P%. -O. 
B2 
[, X19, P2, -J. 
1 
r, 426, r%, -0.82 
T, 426: FY, 
1.3 
[, . 6, TS, -3.1 
P 427, TX, -0.82 
[ . 27, fY, 
1.7 
T 127, [Z, -l. 
l 
2 tpgglAIDA 
SAROPALS  
} FTGTN SIDE 
Apprndix B/APDL Cod %r La d,. ¢ of Afd lible Finite Element Model. 
F, 2446, FY, 8.62 
F, 2116, FZ, 6.6 
LEFT SIDE 
F, 120, FX, -1.7 
F, 120, FY, 8.62 
F, 120, F2,4.6 
F, 176, FX, -1.7 
F, 176, FY, 8.62 
F. 176,08,4.6 
F, 177, FX, -1.7 
F, 177, FY, 8.62 
F. 177, FZ, 4.6 
F, 178, 'x -I*, 
1', 178, FY, 8.62 
F, 178, F8, /. 6 
0,179,0X, -1.7 
F, 179, FY, 8.62 
F, 179, FF, 4.6 
r, 180, F%, -1.7 
F, 180, FY, 8.62 
0,180,02,9.6 
F, 282, r%, -1.7 
F, 282, FY, 8.62 
F, 282, Fl, 4.6 
F, 1300, FX, -1.7 
F, 1300, FY, 8.62 
F, 1300, F2,4.6 
F, 2399, FX, -1.7 
F, 2399, FY, 8.62 
F, 2399, F8,1.6 
r, 2400, FX, -1.7 
F, 2400, FY, 8.62 
F, 2400, F2,4.6 
(, 2990, F%, -1.7 
[, 2490, FY, 8.62 
F, 2490, F2,4.6 
I DZZP 1ASSETER 
I RIGHT SIDE 
F, 809, F%, 1.2 
F, 808, FY, 3.1 
F. B 08, F8,0 
F, 824, FX, 1.2 
F, 824, FY, 3.1 
F, B24, F2,0 
F, 830, F%, 1.2 
F, 830, FY, 3.1 
F, 830,28,0 
F, 843, F%, 1.2 
F, 843, FY, 3.1 
F, 843, F2,0 
F, 846,20,1.2 
2,846, FY, 3.1 
F, 846, F8,0 
2,847,2%, 1.2 
2,041,20,3.1 
F, 847,21,0 
12 
Apps dii B/APDL Code for loading of Mandible Finire Elemeni Model. 
F, 921, FY, 9.9 
F, 921, FZ, -8.9 
F, 925, FX, 7.8 
F, 925, FY, 8.9 
F, 925, F8, -8.9 
F. 926, FX, 7,8 
F, 926, FY, 8.9 
F, 926, FZ, -8.9 
F, 927, FX, 7.8 
F, 927, FY, B. 9 
F, 927, F2, -8.9 
F, 928, FX, 7.9 
F, 928, FY, 8.9 
F, 929, F 
F, 929, FX, 7.8 
F, 929, FY, 8.9 
F, 929, F8, -8.9 
F, 930, FX, 7.8 
F, 930, FY, 9.9 
F, 930, FL, -8.9 
LEFT SIDE 
F, 369, F%, -7. B 
F, 369, FY, 8.9 
F, 369, FZ, -B. 9 
F, 370, F%, -7.8 
F, 370, FY, B. 9 
F, 370, F2, -8.9 
F, 371, FX, -7.8 
F, 371, FY, B. 9 
F, 371, FZ, -B. 9 
F, 372, [x, -7.6 
F, 372, BY, 8.9 
F, 372, FZ, -B. 9 
F, 373, rx, -7.8 
F, 373, FY, 8.9 
F, 373, FZ, -8.9 
F, 374, F%, -7.8 
F, 374, FY, 8.9 
F, 179, [Z, -8.9 
375, FX, -7. B 
F, 375, Fy, 8.9 
F, 375, F2, -8.9 
i Gansu. F ZR! GOID 
NIGHT SIDE 
F, 942, FX, -2.5 
7,942, IY, 6.7 
F, 942, F2,3.1 
F, 943, FX, -2.5 
F, 943, FY, 6.7 
F, 943, FZ 3.1 
F, 944, FX, -2.5 
F, 944, r Y, 6.7 
F, 944, FZ, 3.1 
I, 945, FX, -2.5 
F. 945, FY, 6.7 
F, 945, FZ, 3.1 
13 34 
Appemla B/APDL Code for LooditW of Moo title Finite Elemeu Model. 
F. 916, F%-z. 5 
F. 916, FY, 6.7 
F, 946, FZ, 3.1 
F, 1068, F%, -2.5 
F. 1068, FY, 6.7 
r, 3068, F2,3.1 
LEFT SIDE 
, 
351, F%"25 
F. 351, FY"6.7 
F, 351, FZ"3.1 
F. 352, F%, 2.5 
F, 352"FY, 6.7 
1.352,12,3.1 
("353,1%"2.5 
F. 353, FY66.7 
F, 353, F2,3.1 
F, 351.13"2.5 
F, 351. FY, 6.7 
F. 354, FZ"3.1 
Y: 355 " F%" 
2.5 
F. 355"FY. 6.7 
F. 355, F2,3.1 
F. 183. FH" 3.5 
F. 483, FY, 6.7 
F, 483, F2,3.1 
IL TxjL" PTIDT00ID (IMPLAIOA E611D) 
I RIGHT SIDE 
F, 619, FX, -3.9 
F. 619, FY, 3.4 
F, 619, F2,3.9 
F, 622, FX, -3.9 
F. 622, FY, 3.4 
F. 622. FZ, 3.9 
F 623, EX. -3.9 
F. 623, FY, 3.4 
2.623. FZ, 3.9 
F. 630, FX, -3.9 
F. 630, FY, 3.4 
F. 630, F2,3.9 
F, 633, EX, - 3.9 
F, 633, FY, 3.4 
F. 633, F2,3.9 
} LEFT SIDE 
F. 20, FX, 3.9 
F: 20 E. 3.4 
F. 20,22,3.9 
2.21, FX, 3.9 
t 21 FY, 34 
F. 21. FZ. 3.9 
F. 25, FX, 3.9 
F. 25.26.3.4 
F. 25, FZ, 3.9 
15 
Appendix B/APDL Codefor Londfng of Moo/b! e noire Element Model. 
r, 2643, F8, -8.2 
F, 2644, FX, -5.1 
r, 2644, rY, 
6.8 
[, 2644, PZr -8.2 
, ,o oLXD HYSCLl 
! HTL 1 
! RIGHT SIDE 
FX -4 
r, 2681, FY. 
4.1 
F. 2681, [Z, -1.6 
F. 2682, F%, -4.9 
[ 1682, rY, -1.1 
r. 2682, FZ, -1.6 
LEFT SIDE 
[, 2669, FX, 
4.9 
[, 2669, rY, -4.1 
[, 2669, [0, -1.6 
[. 26]0, [%, 
/. 9 
C, 2670, FY, -4.1 
[, 2670, FZ, -1.6 
! )41L2 
RIGHT 5200 
P, 2683. F%. -5.3 
[ 2683 , FY, -2.96 
r, 2663, FZ, -1.3 
r 2681, F%, -5.7 
r 2684. FY, -2.96 
F. 2 684, r2, -1.3 
LEFT SIDE 
P, 2671, FX,, 
52396 
P267rZ-1.3 
P. 2672, P%. 
5.3 
r, 2672, PY, -2' 
96 
r. Z672, FE, -1.3 
or. 3 
RIGHT SIDE 
r, 2685, P%, -2.6 
F, 2685, FY, -1. 
D 
[, 2 685, r2, -0.7 
P, 26B 6, r%. -2.6 
2686, PY-12686, 
FZ, _O.. 
 2687,1X, -2.6 
[, 2687, 
PY, 1. D 
F, 2687, PZ, -0.7 
Len SIDe 
17 
Appe d. B/APDL Cede fr L-udigq ofMundihk Finim V-1.1 Mudd. 
F, 11, FX, 3.9 
E, )1, FY, J7.1 
F, 71, FE, .9 
F, 72, F%, 7.9 
F, ]2 , FY, 3.4 
F, 32, FZ, 3.9 
! LATERAL ITERIGOID (EDIERIOE REM) 
1 RIGHT SIDE 
F, 625, C%, -7.1 
F, 625, FY, 6.6 
F, 625, FZ, 7.5 
F, 626, FX, -7.1 
F, 626, FY, 6.6 
 , 626, FE, 7.5 
F, 627, F%, -7.1 
F, 627, FY, 6.6 
F, 621, FZ, 3.5 
F, 628, FX, -7.4 
F, 628, FY, 6.6 
F, 628, FF, 7.5 
LEFT SIDE 
F, 2 6, FX, 3.4 
F, 26, FY, 6.6 
F, 26, FZ, 3.5 
F, 27, FX, 3. / 
F, 27, FY, 6.6 
F, 27, FZ, 3.5 
r, 28, FX, 3.4 
F, 28, FY, 6.6 
F, 28, FL, 3.5 
F, 29, FX, 3.4 
F, 29, FY, 6.6 
F, 29, FE, 3.5 
I DIG11STRIC )NCCLI 
1 RIGHT SIDE 
F, 2637, FX, 5.1 
F, 2637, FY, -6.8 
F, 2637, FZ, -6.2 
F, 2638, FX, 5.1 
F, 2678, FY, 8 
F, 2638, FZ, 
-6. 
-8.2 
F, 2639, FX, 5.1 
F, 2639, FY, -6.8 
F, 2639, FZ, -8.2 
I LEFT SIDE 
F 'x'-'- 
F, 2612ýY, 6. B 
F, 2612, FE, -B. 2 
F, 2643, Fx, -5.3 
F, 2643, FY, -6.8 
16 
Appm. V B/APDL Cok fo, Lou Mg ofMmdibk Porno Eko, oot Mahl. 
F, 2677, FX, 2.6 
F, 2613, FY, -1.0 
F, 2677, FZ, -0.7 
F, 2674, FX, 2.6 
F, 2671, FY, -1.0 
F, 2671, FZ, -0.7 
F, 2675, FX, 2.6 
F, 2675, FY, -1.0 
F, 2675, FZ, -0.7 
I Mt. 4 
1 RIGHT SIDE 
F, 2668, FX, -1.1 
Fý2688, FY, -0.12 
F, 2688, FZ, -0.3 
F, 2689,1 
F, 2689, FY, -0.12 
F, 2689, FZ, -0.3 
Fr2690, F%, -1.1 
F, 2690, FY, -0.12 
F, 2690, FZ, -0.3 
F, 2691, FX, -1.1 
 , 2691, FY, -0.12 
F, 2691, FZ, -0.3 
I LEFT SIDE 
F, 2676, FX, 1.1 
F, 2676, FY, -0.12 
F, 2676, F2, -Q1 .3 
F, 2677, FX, 1. 
F2677, FY, -0.12 
F, 2677, F2, -0.3 
F, 2676, FX, 1.1 
F, 2676, FY, -0.12 
F, 2676, FF, -0.3 
F, 2679, FX, 1.1 
F, 2679, FY, -0.12 
F, 2679, FZ, -0.3 
ACEL, O, -9.81,0 
RIGHT 810E 
DL, 17UX, 0 
DL, 17 UY, -0.0061 
DL, 17 UE, 0.0051 
DL, 17ROTY, 0 
DL, 17 ROTZ, 0 
1 LEFT SIDE 
DL, 20VX, 0 
D1,20 VY, -0.0067 
DL, 20 V2,0.0054 
DL, 20AOTY, 0 
DL, 20AOT2,0 
18 
Appends B/APDL Code for Lnadüg ofMandiMe Finite Blemem Model. 
RSUBST, 1 
KBC, 0 
OUTRE9, ALL, 1 
OUTPR, 15Ag1C, 1 
TIME. 0.2 
LSNRITE"2 
SOLVE 
} LOAD STEP 3 
gUFZRIZCX&L MSSZTER 
RIGHT SIDE 
F, 705, TX"2 
f, 705, FY, 10.4 
r, 705, r2,5.11 
8,724,1X"2 
F, 724, FY, 10.4 
r, 724, FZ, 5.11 
1,725, fx, 2 
r 125, FY, 10.4 
F, 725, TZ, 5.11 
F, 726, FX"2 
?, 726, CY, 10.4 
F, 726, FZ, 5.11 
, 
727"x"2 
r, 727 , 
'" 10.4 
F, 727, FZ, 5-11 
r, 128, FX, 2 
F, 728 , FY"10.4 
Y, 728, FZ, 5.11 
F, 863, Fx, 2 
F, 863, FY, 10.1 
1,863, F2,5.11 
r. 1238, FX. 2 
F, 1238, FY, 10.4 
Y, 1238, FZ, 5.11 
2104, FX"2 
Y, 2404, FY, 10.4 
F, 2404, FZ, 5.11 
1.2405, FX, 2 
f. 2405, FY, 10.4 
1.2405.10,1.11 
1.2446" TX ,2 
[, 2446, FY, 10.4 
F, 2446, TZ, 5.11 
! LEFT SIDE 
F, 120, TX"-2 
r, 120" FY" 10.4 
F. 120. F2.5.11 
r, 176, TX, -2 
F, 176, FY, 10.4 
F. 176, F2,5.11 
F. 177, YX"-2 
F. 177, Fx, 
10.4 
F 177, FZ, 5.11 
F. 178, FX"-2 
19 
Appendix B/APDL Co kfor Loodbg ofMo dibk Fioire Eloooo l Model. 
r, 25e, F%, -2 
r, z59, rr, 
o. 191 
x, 218, F2, -0.181 
1,265, ("2187 
1,265, FY 
- , . 
193 
r, 265, r2, - 
f xvTyýxOR S®ROA 
l 
f RIGHT SIDE 
[ 931, FX, 
1.3 
F, 931, FY22.6 
[, 931, F2, -5.3 
F, 979, FX, 
1.3 
[ 979, FY, 
2.6 
y, 979, F2. 'S. 
3 
F, 1016, FX, 
1.3 
[: 1016, FY2.6 
[ß y019, 
FZ: - 5.3 
[, 1019,, 
X, 1.3 
[, 1019, FY, 
2.6 
1019, [2, -5.3 
L6FT SIDE 
y, 37 6, FX, -1.3 
[, 376, FY, 
2.6 
[, 376, FZ, 
5.3 
F, 419, FX, -1.3 
F 119, FY, 
2.6 
F. 419, F2, -5.3 
F. 426. FX. -1.3 
[, 426, FY. 
2.6 
F. 426, FZ, -5.3 
" FX, - 
1.3 
[ 427 
[ 427, FZ, -5.3 
po5TV OT ORALXS 
RTGTH 310E 
Y, 924, [%, 
10.2 
f. 924, FY, 
12 
P 924, FZ, -12 
925, F%. 10.2 
f 925, pY, 
12 
925, FZ, 12 
926, [%, 10.2 
926, CY, 12 
926,12, -12 
[ 927, [X, 
10.2 
[ 92Y, 6Y: 
12 
P 927, P2, -12 
[, 928,1X, 
10.2 
F, 928, FY, 
12 
P 938, FZ, -12 
y, 929, Fl. 
10.2 
21 
App- dL B/APDL C, J frLoading ofMmvlible Finite Element Model. 
F, 178, FYr 10.1 
P, 17 Br F2,5.11 
F, 17 9, PX, -2 
F, 179, FY, 10.9 
F, 179, FZ, 5.11 
F, 1B0, CX, -2 
F, 1B 0, FY, 10.4 
F, 180, F2,5.11 
F, 282, FX, -2 
F, 282, FY, 10.1 
F, 282, FZ, 5.11 
F, 1300, FX, -2 
F, 1300, FY, 10.4 
F, 1300, FZ, 5.11 
F, 2399, PX, -2 
F, 2399, FY, 10.4 
F, 2399, F2,5.11 
F, 2100, FX, -2 
F, 2400, FY, 10.4 
F, 24400: F,: 52,11 
P, 290-F, 
2190, FY, 10.1 
F, 2490, FZ, 5.11 
i east MSSZTZR 
I RIGHT SIDE 
F, 808, Fx, 2 
F, 808, FY, 0.103 
F, 808, FZ, -0.183 
F, 821, FX, 2 
F, 824, FY, 0.183 
F, 824, FZ, -0.183 
F, 830, F%, 2 
F, 830,01,0.183 
F, 830, FZ, -0.183 
F, 843, FX, 2 
F, 843, FY, 0.183 
0,843,02, -0.183 
F, 846, FX, 2 
F, 846, FY, 0.183 
F, 846, FZ, -0.183 
F, 847, F%, 2 
F, 847, Fl, 0.183 
F, 847, FZ, -0.183 
LEFT SIDE 
F, 237.00, -2 
F, 237, FY, 0.183 
Fr237, FZ, -0.183 
F, 241, FX, -2 
:U1, FY, 0.183 
01,02, -0.183 
0,255,6X, -2 
0,255,00,0.283 
T, 255, FZ, -0.183 
6,256,6X, -2 
6.256,00,0.163 
[, 256,66 -0.183 
20 
App-di. B/APDL Calefo, L-dMg ofU.. dibk Finite£ln. rnf Mwk! 
F, 929, FY, 12 
F, 929, FZ, -12 
F, 930, FX , 10.2 
F, 930, FY, 12 
F, 930, FZ, -12 
LEFT SIDE 
F, 369, FX, -10.2 
F, 369, FY, 12 
F, 369, FZ, -12 
1., 370, FX, -10.2 
F, 370, FY, 12 
1,370, F2r-12 
F, 371, FX, -10.2 
F, 371, FY , i2 
F, 371, FZ, -12 
F, 372, FX, -10.2 
F, 372, FY, 12 
F, 372, FZ, -12 
F, 373, FX, -10.2 
F, 373, FY, 12 
F, 373, F5, -12 
F, 371, FX, -10.2 
F, 371, FY, 12 
F, 374, FZ, -12 
F, 375, FX, -10.2 
0,375, F?, 12 
F, 375, FZ, -12 
I HZDI" nnI60ID 
RIGHT sine 
3.4 F, 94422, 
F, 
FX, -9.3 
F, 9Y, 
Y, 942, F2,3.9 
F, 943, FX, -3.4 
F. 94 3, FY, 9.3 
F, 943, F8,3.9 
F, 944, FX, -3.4 
F, 944, FY, 9.3 
F, 944, F2,3,9 
F, 945, F%, -3.4 
F, 945, FY, 9,3 
F, 945, FZ, 3.9 
F, 946, FX, -3.4 
F, 946, FY, 9.3 
F, 946, FE, 3.9 
F, 1068, F%-3.4 
F, 1069, FY, 9.3 
F, 1069, F8,3.9 
LL[T SIDE 
F. 351 F%, 3.1 
F. 351, FY, 9.3 
F, 351, FZ, 3.9 
F, 352, FX, 3.1 
F, 352, FY, 9.3 
F, 352, FZ, 3.9 
22 
Appendix B/APDL Code for Loading ofMundible Finite Elemem Model. 
F, 353, FX, 3.4 
r, 353, FY, 9.3 
F. 353, FZ, 3.9 
F. 354, FX, 3.4 
[, 354, FY, 9.3 
F. 354, FZ, 3.9 
[, 355, EX, 3.4 
F, 355, FY. 9.3 
t 355 F2,3.9 
P, 483, FX, 3.4 
r, 483, FY, 9.3 
[, 483, FZ, 3.9 
1 LATZ LL PTZRTOOID (IMLRZOR 811.0) 
1 RIGHT SIDE 
P, 619, EX, -4.2 
[, 619, FY, 3.85 
[, 619, FZ, 4.12 
F, 622, FX, -4.2 
5 F, 622, r 3.8 
F. 622, FZ, 4.12 
F: 623 FX, -4.2 
F. 623, FY, 3.85 
[, 623, FZ, 4.12 
P, 630, EX, -4.2 
F. 630, FY, 3.85 
f, 630, FZ, 4.12 
F, 633. EX, -4.2 
F. 63 3, FY, 3.85 
F, 633. FZ, 4.12 
1 LEFT SIDE 
F, 20, EX, 4.2 
[, 20, FY, 3.85 
F. 20, FZ, 4.12 
F, 21, FX, 4.2 
F. 21. FY. 3.85 
F, 21, FZ, 4.12 
r. 2 5, FX, 4 .2 
r, 25, FY, 3.85 
F. 25, FZ, 4.12 
[, 31, F%, 4.2 
[, 31, FY, 3.85 
f, 31, FZ, 4.12 
F, 32, EX, 4.2 
[, 32, FY, 3.85 
F, 32, FZ, 4.12 
Lok"S AD PTZRYOOID 
(SUPZRIOR Maw) 
RIGHT BIDE 
r. 62 5. [%. -3 .3 
F. 625, rY, 6.5 
F. 625, [Z 3.2 
r%, -3.3 
r, 626, [Y, 
6.5 
23 
Appendix B/APDL (Wfor Lwiihltg of Mumbble Finite Ekooo t Mwld. 
I LErx SIDE 
F. 2669, FX, 
4.9 
[, 2669, FY, 
[, 2669, FZ, 
f, 2670, [X 
r, 2610, 
FY, -3.7 
F , 
2670, F2,1.4 
µSL2 
RIGHT SIDE 
[. 2683, FX, -5 
F. 2683, [Y, -2.8 
F. 266 3, F2, -1.2 
[, 2684, FX, -5 
F. 2684, 
FY. -2.8 
[, 2684, 
FZ, -1.2 
y6FT SIDE 
[. 2671, FX, 
5 
[, 2671, 
FY, -2.1 
2671. FZ, -1.2 
[. 2672, Ex's 
[ 2672, 
[Y, -2. ß 
F, 2672, [Z, -1.2 
t MIL 3 
RIGHT SIDE 
[, 2685, [X. -2.5 
F, 2685, 
FY, -1 
2685, FZ, -0.7 
Fý2686, [X. 
2.5 
y, 2686, 
[Y, -1 
r, 268 6, 
FZ, -0.7 
F, 2687, F%, -2.5 
F2687, 
FY, -1 
r 2687, F2, -0.7 
1 , 6[T SIDE 
  2673, 
[X, 2.5 
[: 2673, 
FY, -1 
r, 2673 , 
FZ, -0.7 
F 2614, 
[X2.5 
F. 2614, 
[Y, -1 
F 2614, 
FZ, -O. 7 
C 2675, 
[X 
Y. -1 2675'r 
[ 2675, 
FZ, -0.7 
aL 4 
RIGHT SIDE 
F. 2688, 
EX, -0.9 
F 2688, 
FY, -O. 1 
Apprndix B/APDL Code%r Londüg of Manclib/e Finite Element Model. 
F, 626, FZ, 3.2 
F, 627, F%, -3.3 
F, 627, FY, 6.5 
F, 627, F2,3.2 
, F62B, F%, -3.3 
F, 628, FY, 6.5 
F, 62 B, FZ, 3.2 
LEFT SIDE 
F, 26, FX, 3.3 
F, 26, FY, 6.5 
F, 26, F2,3.2 
F, 27, FX, 3.3 
F, 27, Fy, 6.5 
F, 27, FZ, 3.2 
F, 26, FX, 3.3 
F, 28, FY, 6.5 
F, 28, FZ, 3.2 
F, 29, FX, 3.3 
F, 29, FY, 6.5 
F, 29, F2,3.2 
t DIGAflRIC M SCLR 
t RIGHT SIDE 
F, 2637, FX, 5.6 
F, 2637 FY, -7.5 
F, 2637, FZ, -9 
F, 2638, FX, 5.6 
F, 2638, rY, -7 
F, 2638, FZ, -9 
F, 2639, FX, 5.6 
[, 2639, FY, -7.5 
F, 2639, FZ, -9 
t LEFT SIDE 
P, 36ý2, P%, -5.6 
F, 2612, FY, -7.5 
F, 2642, FZ, -9 
F, 2643, FX, -5.6 
F, 2643, FY, -7.5 
F, 2643, FZ, -9 
F, 2644, FX, -5.6 
F, 2644, FY, -7,5 
F, 2619, FZ, -9 
MFBOUD MVSCld 
Hrt 1 
RIGHT SIDE 
F, 2681, FX, -9.9 
F, 26B1, FY-3.7 
F, 26B1, F8, -1.4 
F, 26B2, FX-4.9 
F, 2682, FY, -7.7 
F, 2662, FE. -1., 4 
24 
App-du B1APDL Cudefor Luudilg ofM., Wihl. Fini,. 6k, , Mndd.. 
F, 2688, FZ, -0.23 
F, 2689, FX, -0.9 
F, 2689, FY, -0.1 
F, 2689, F8, -0.23 
F, 2690, FX, -0.9 
F, 2690, FY, -0.1 
F, 2690, FZ, -0.23 
F, 2691, FX, -0.9 
F, 2691, FY, -0.1 
F, 2691, F2, -0.23 
LEFT SIDE 
F, 2676, FX, 0.9 
F, 2676, FY, -0.1 
F, 2676, FZ, -0.27 
F, 2677, FX, 0.9 
F, 2677, FY, -0.1 
F, 2677, FZ, -0.27 
!, 2678, FX, 0.9 
F, 2678, FY, -0.1 
F, 2678, FZ, -0.27 
F, 267 9, F%, 0.9 
F, 2679, FY, -0.1 
F, 2679, FZ, -0.27 
ACEL, O, -9.81,0 
1 RIGHT SIDE 
DL, 17V0 
DL, 17 VY, -0.0056 
DL, 17 02,0.0048 
DL, 17ROTY, 0 
DL, 17ROTZ, 0 
I LEFT SIDE 
DL, 20UX, 0 
DL, 20UY, -0.0056 
DL, 20 UZ, 0.0018 
DL, 20ROTY 0 
DL, 20ROTZ, 0 
NSUBST, 1 
KBC. 0 
OUTRBS, ALL, 1 
OUTPR, BASIC, 1 
TILSNRI00.0S. 5 
T, 3 
SOLVE 
I LOAD CAat 4 
1 IVYRWXCIRL IABfflRR 
I RIGHT SDR 
I, 705, FX, 2.3 
F, 705, FY, I2 
25 
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Appendix B/APDL Colefor Loading ofM odible Finite Elemef Model. 
F. 705, f2,5.35 
F. 724, [X, 2.3 
r, 724, FY, 12 
F, 724, Fl, S. 35 
F. 725, [%. 2.3 
r, 725, FY, 12 
r, 725, FZ, 5.35 
F, 726,1X, 2.3 
F, 726, FY, 12 
F. 726, FZ, 5.35 
1,127, FX, 2.3 
F. 727, FY, 12 
F. 727, FZ, 5.35 
r, 728, E%, 2.3 
F. 728, FY, 12 
[, 728.17,5.35 
[, 863,8%, 2.3 
F, 863, FY, 12 
F. 863, F8,5.35 
F. 1238,1X, 2.3 
[, 1238.10.12 
F, 1238, FZ, 5.35 
r, 2404, FX, 2.3 
F, 2401, FY, 12 
F. 2404, F2,5.35 
F. 2405, FX, 2.3 
F, 2405, FY, 12 
F, 2405, FZ, 5.35 
F. 2446, FX, 2.3 
F. 2446, FY, 12 
[, 2446, [1,5.35 
r LEFT 5IDE 
F. 120, F%, -2.3 
F, 120 , FY, 
12 
F. 320, FZ, 5.35 
F, 176 , 1%. '2.3 
F, 17 6, FY, 12 
F. 176, FZ, 5.35 
P, 177, x, -2.3 
177, FY, 12 
F. 177, FZ, 5.35 
F. 178, F%, -2.3 
F. 178, FY, 12 
f, 178, F2,5.35 
F, 179, %, -2.3 
F. 179, FY, 12 
F. 179, F2,5.35 
r, 1E,, rX, -2.3 
Y 380, F. 12 
380, F2,5.35 
P, 282,1X, -2.3 
1.282. FY, 12 
F. 282. FZ, 5.35 
[, 1300,1%, -2.3 
F. 1300,11.12 
F. 1300, Ft, 
5.35 
F, 2399, F%, -2.3 
F. 2399. FY, 
12 
[, 2399, [2 , 
5.35 
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ApprndL B/APDL Codejnr Loading jM-dible Finite Element U. M. 
F, 979, FZ, -7.6 
r, 1018, Fx, 
2 
[, 1018, FY"4 
F. 1018, FZ"-7.6 
[1019, F%, 
2 
F. 1019, 
Fry, Z 
+7.6 
019, 
1 LEFT g10E 
r, 376, FY, 
FZ, -7.6 
[4 19. [Y, 
4 
[., 419. rZ -7.6 
[, 426, rx -2 
F. 426, FY, 
4 
F. 126, FZ, -7.6 
[, 127. F%. -2 
127 FY 
4 
F. 
[ 427. F2, X7.6 
posTRSOx 
Szmpovu is 
RIGTH SIDE 
r, 924, r%, 
32 .5 
f, 924, FY, 
15.3 
F. 924, r2. -15.3 
P 925, P%, 
12 "S 
P, 92 5, PY, 
3 5.3 
t, S25 25. [2. '15.3 
[, 926, F . 
12.5 
r, 926, [Y, 
15.3 
P, 926, r2, -15.3 
r, 927,9%. 
12.5 
t, 927, PY, 
J!. 3. 
r', 927 rz-15.7 
9.928,12.5 
, 92,, 
Y,, 4. 
r . 
3r, 
928, F2, -. - 
r 929, r%, 
12.5 
F. 929. 
Y, 15.3 
t929. [2x5.7 
r: )30 ,5 
30, [7.14.3 
930, [z, -15.3 
,, PT SIDE 
r, 769, 
ß"'12.5 
P, 369, fY, 
1337 
F, 369, [2, -12.5 
x, 370,0,15.7 
r, 370, FY. 15: 3 
x, 370 
r2. -12.5 
t, 371, rx ' 5 
P, 373 rY, 
11533 
x, 371, rz 
29 
Apprndis B/APDL Codefo Lnadirg ofMonAil/e Finit, El-o Mod&.. 
F, 2100, FX, -2.7 
F, 2100, FY, 12 
F, 2100, F3,5. J5 
F, 2190, FX, -2.7 
F, 2490, FY, 12 
F, 2490, U, 5.35 
i DZZP ea! SZTZR 
RIGHT SIDE 
F, 808, £%, 2.9 
F, 808, FY, 0.54 
F, 608, FZ, -0. S4 
F. 624,2.9 
F, 624, FY, 0.51 
F, 824,62. -0.54 
F, 830,2.9 
F. 830, FY, 0.54 
F, 830, F', -0.54 
F, 843,6%, 2.9 
F, 813, FY, 0.54 
6,813,62, -0.51 
F, 646, f%, 2.9 
8,846, FY, 0.51 
F, 846, FZ, -0.54 
6,847, F5,2.9 
F, 847, FY, 0.54 
F, 847, FZ, -0.54 
1 LEFT SIDE 
F, 237, F%, -2.9 
F, 237, FY, 0.54 
F, 237, FZ, -0.54 
F, 241, F%, -2.9 
F, 241, FY, 0.54 
F, 241, F2, -0.51 
F, 255, FX, -2.9 
F, 255, FY, 0.54 
F, 255,62, -0.51 
F, 256, FX, -2.9 
6,256, LY, 0.54 
F, 256, FE, -0.54 
F, 258, FY, 0.54 
F, 258, £Z, -0.54 
F, 265, F%, -2.9 
F, 265, FY, 0.54 
F, 265, FZ, -0.54 
I 11MPEAIOR TZXPORALIJ 
I RIGHT SIDE 
F, 931, F%, 2 
r, 9n, Tr, 4 
F, 931, FZ, -7.6 
F, 979, FX, 2 
F, 979, FY, 4 
:ö 
Append B/APDL Co. kfor Loodiog ofMumlihlr Füio Eko, o Mod! 
F, 372, FX, -12.5 
F, 172, FY, 15.1 
F, 172, FZ, -15.1 
F, 313, F%, -12.5 
F, 373, FY, 15.7 
F, 373, FE, -15.1 
P, 17/, F%, -12.5 
F, 374, FY, 15.1 
F, l]' , P2, -15.7 
P, 175, F%, -12.5 
F, 175, TY, 15.7 
F, 375, FZ, -15.3 
MEDIAL DYZRYGOID 
RIGHT SIDE 
F, 942, FX, -5 
F, 942, FY, 13.6 
F. 942, FZ, 5.3 
F, 943, F%, -5 
F, 943, FY, 13.6 
F, 943, F2,5.3 
P, 944,10, -5 
F, 944, FY, 13.6 
F, 944, FZ, 5.3 
F, 945, FX, -5 
F. 945, FY, 13.6 
F, 945, FZ, 5.3 
F, 946, FX, -5 
F, 946, FY, l3.6 
F, 946, FZ, 5.3 
F, 1068, rx, -5 
F, 1068, FY 13.6 
F, 1068, FZ, , 5.3 
I LEFT SIDE 
F, 351, FX, 5 
F, 351, FY, 13.6 
F, 351, FZ, 5.3 
F, 352, F%, 5 
F, 352, FY, 13.6 
F, 352, FZ5.3 
F, 353,: 5 
F, 353, FY, 13.6 
F, 353, FZ, 5.3 
F, 354, Fl, 5 
F, 354, FY, 13.6 
F, 351, FZ, 5.3 
r, 355, F2,5 
F. 355, FY, 13.6 
F, 355, F8,5.3 
F, 483, F%, 5 
F, 483, FY, 13.6 
F, 483, FY, 5.3 
I IATIPAL exZ1YGO! D (flT2RXOR mm) 
31) 
Ap r, dix B/APDL Code for Gooding ofMondihk Finite Element Model. 
RIGHT SIDE 
F. 619, FX, -4.5 
F, 619, FY, 4.24 
F. 619, FZ, 4.24 
F. 622. FX, - 4.5 
F, 622, FY, 4.24 
F, 622. FZ, 4.24 
F, 623, FX, -4.5 
P, 62 3, FY, 4 . 24 
[, 623, FZ, 4.24 
F, 630, F%, -4.5 
F, 630, F. 4.24 
F. 670, FZ, 9.24 
F. 
P633, FY, 4.24 
F. 633, FZ, 4.24 
LEFT 5I29 
[, 20, P%, 4.5 
[, 20, FY, 1.25 
F, 20, F5,4.24 
21, F, 4.5 
[. 21, FY, 4.24 
F, 21, FZ, 4 . 24 
[, 25. F%, 4.5 
F. 25, FY, 4.24 
F. 25, FZ, 4.24 
F, 31, Fx, 4.5 
F, 31, FY, 9.24 
1.31 FZ 9.24 
F. II, FX, 4.5 
F, 32 FY44.24 
F, 32, FZ, 4.24 
t JaTZRRL PTZRI00ID 
(80PZRIOR BEAD) 
RIGHT SIDE 
F, 62 5, [x, -3.2 
[, 625, FY, .3 
625, F2,2.9 
62 6, F%, -3.2 
626, FY, 6.3 
F. 626, f2,2.9 
[, 67" x"'3.2 
[, 627. FY, 
6.3 
F. 627, FZ, 2.9 
f%, -3.2 
FY 6.3 
FZ F. 628, , 2.9 
teer SIDE 
r. 26. F%. 3.2 
e. 26. r1,6.3 
r, 26. FZ. 
2.9 
F. 27. Fx. 
3.2 
r. 27. FY. 
6.3 
31 
Appendi B/APDL CodefarLoodi, g ofMandibk Flotte Element Model. 
r, 2683, FZ, 
F, 2689, f2, -1.1 
! yeeT SID' 
r, 2671,. 
X, 9.1 
P, 2671, 
FY, 
r, 2611, 
[2,41.1 
e, 2672FX 
9. J 
T, 2672, 
2612 F2"-1.1 
yeL 3 
RIGHT SIDE 
1,2685, 
F%, -2.2 
e, 2685. 
PY, -0.85 
F, 2685, 
FZ" -0.56 
2686, [%'22 
F, 2686, 
FY, -0.85 
1,26 86, 
rZ, -0.56 
[, 2687 , 
TX, -2.2 
2687, FY, -O. 
B5 
r, 2687. 
FZ. -0.56 
! 7.8PT SID! 
2673, F%"2? 85 F. 
2673, PY, 
0 
T, 2673, 
FZ, -0.56 
r, 2679, 
F%, 22 
r, 2674 , 
FY, -0.8S 
F, 2679. 
FZ, -0.56 
T2615, 
rX, 2.2 
T, 2 675, 
tir o. B5 
F. 2675, 
rZ, 0. S6 
", L 6 
RIGHT 81D8 
e, 268B, 
F%. -O. B 
[, 2688, 
FY, -0.3 
., 268:, 
[2 -0.23 
F, 2609, 
FX, -0. B 
r, 
16: 1, FY-0.211 
F. 2689, 
[2, -0. 
[, 2690,1 
O, FY, -0.3 r'26 
P, 2690 
F2, -0.21 
r, 2691, 
FX, -0.8 
r, 2691, 
FY. -0.1 
e, 2691, 
PZ, -0.21 
! yBFT 
e3DB 
[, 2676, 
FX, 0.8 
2676, [Y, -0.1 
Appendix B/APDL Codef rLourling ofManr(iAle Fin EA"rnem Mnde(. 
F, 27, F2,2.9 
F, 2B, F%, 3.2 
F, 2B, FY, 6.3 
F, 2B, F2,2.9 
F, 29, F%, 3.2 
F, 29, FY, 6.3 
F. 29, F2,2.9 
I DIGkITPIC MUSCLZ 
RIGHT SIDE 
F, 2637, FX, 5.6 
F, 2637, FY, -7.7 
F, 2637, FZ, -9.2 
F, 2638, FX, 5.6 
F, 2638, FY, -7.7 
F, 2638, FZ, -9.2 
F, 2639, FX, 5. B 
F, 2639, FY, -7.7 
F, 2639, FZ, -9.2 
LEFT SIDE 
F 
F,, 22664422,, 
PXPY, --75.78 
,. 
F, 2642, FS, -9.2 
F, 2643, FX, -5.8 
F, 2643, FY-77 
F, 2643, F2, -9.2 
F, 2644, FX, -8 
F2644, PY, -5.7.7 
F, 2644, FZ, -9.2 
1) UOOOLID MIECLE 
IRL 1 
1 RIGHT SIDE 
F, 2681, F%, -3.8 
F, 26B1, FY, -7.2 
F, 2681, FZ, -1.2 
F, 2682, F%, -3. B 
F, 2602, FY, -3.2 
F, 2682, FZ, -1.2 
LEFT SIDE 
F, 2669, FX, 3.8 
F, 2669, FY, -7.2 
F, 2669, F2, -1.2 
F, 2670, FX, 3.8 
F, 2610, FY, -3.2 
F, 2110, F2, -1.2 
K L2 
I RIGHT SIDE 
F, 3683, F%, -2.3 
F, 2683, FY, -2. l 
32 
Appe dL R/APDL Codetor Load, ng oJMmNibk Finite El-, AfoAcl. 
F, 2676, FZ, -0.21 
F, 2677, FX, 0.8 
F, 2677, FY, -0.1 
F, 2677, rz -0.21 
F, 267B, FX, 0.8 
F, 2676, FY, -0.1 
F, 2678, F2, -0.21 
F. 2679, FX, 0.0 
F, 2679, FY, -0.1 
F, 2679, F0, -0.21 
ACEL, O, -9.81,0 
1 RIGHT SIDE 
DL, 17UX, 0 
DL, 17UY, -0.00 9 
DL, 17  UZ, 0.0042 
DL, 17ROTY, 0 
DL, 17ROTZ, 0 
1 LEFT SIDE 
DL, 20UX, 0 
DL, 20 UY, -0.0049 
DL, 20 UZ, 0.0042 
DL, 20ROTY, 0 
DL, 20ROTZ, 0 
NSUBST, L 
KEC, 0 
OUTRES, ALL, 1 
OUTPR, 9AS I10,1 
TIME 1 0.4 
LSWRITE, 4 
SOLVE 
Lean Urar s 
I "Ue "XCXAL MMXmA 
RIGHT SIDE 
F, 105, FX, 2.6 
F. 705, FY, 14 
F, 705, F2,5.6 
F. 724 , F%, 2.6 
 , 72 4, FY, 14 
F. 724, FZ, 5.6 
F, 725, F% , 2.6 
F, 725, FY, 14 
F, 725, F2,5.6 
1-, 726, Fl, 2.6 
F, 726, Y, 14 
F, 726, FL, 5.6 
F, 727, F%, 2.6 
F, 707, FY, 14 
F, 727, F8,5.6 
0,728,01,2,6 
33 
34 
Appendix B/APDL Codefor Loading of Mandible Finite Element Model. 
r, 728, FY, 14 
F, 728, FZ, 5.6 
P, 863, FX, 2.6 
r, 863. FY, 14 
1,863, F2,5.6 
F, 1238.80,2.6 
F. 1238, FY, 14 
1,1238, F2,5.6 
P 2404. FX, 2.6 
r, 2404, FY, 14 
P, 2404, FZ, 5.6 
1,2405,8X, 2.6 
r, 2405, FY, 14 
r, 2405. F2.5.6 
1,2446,1X, 2.6 
1,2446, [Y, 14 
F 2446, FZ, 5.6 
L6FT SIDE 
P, 120, PX, -2.6 
1,120, FY, 14 
r, 120, F2,5.6 
176, lX, '2.6 
r, 176, FY, 14 
F: 176, F2,5.6 
[, 177,1X, -2.6 
1,177,81,14 
P, 177.10.5.6 
F. 178, FX, '2.6 
178, PY, 14 
[, 178. FZ, 5.6 
P, 17 9, FX, -2.6 
8,179, FY 14 
F, 179, FZ, 5.6 
r. ISO, FX, -2.6 
[, 180, FY, 14 
180, FZ, 5.6 
r, 282, PX, -2.6 
1,242, FY, 14 
1,282,11,5.6 
[, 1300,1X, -2.6 
F. 1300,10,14 
[, 1300, FZ, 
S. 6 
F, 2399- F%, -2.6 
1,2399.11,14 
1,2399,11.5.6 
1,2400,1X, -2.6 
r, 2400, FY, 
14 
1,2400,12,5.6 
1,2490,10, -2.6 
2490, FY, 14 
1,2490.11,5.6 
D.,, IASSLTLR 
FIGHT SIDE 
r. 608. FX, 
3.9 
1,808, FY. 
1.03 
1,808, FZ. -1.03 
35 
Appendix B/APDL Codefes L,, div ofM.. ib&Finire Ek,, u U. M. 
F, 919, fY, 
5B/ 
P 919, PZ, -30. 
+ 
P, 926, F%, -2 
f, 426, FY, 
5.89 
fýg26, Ft, - 
10.1/ 
2 
P, +27 , F)c, - 
P X27, FY, 
f q27, FZ, -10.11 
pozT on 
T! MPO A IS 
RXG? H SI06 
r, 921, 
rx. 12 
924, FY, 
15.4 
924, FZ, -15. 
/ 
T, 925, 
% 12.7 
925, FY, 115. 
925, F2, -15.1 
F, 926,92.12.3 
T. 926, 
FY, 15.4 
r, 926, FZ. -15.1 
f, 921, 
TX, 12.3 
r, 927, 
Y. 15. / 
T. 927, 
F2, -15.4 
r, 929, 
FX. 12.3 
T. 92 9, 
FY115.4 
F, 929, 
FZ, -15.4 
29, r, 12.7 
929, FY, 15.4 
[, 929, FZ, -15.4 
P0, Fl, 
12.3 
r: 
9931 
0, FY, 15.1 
[, 930, FZ, -15.1 
Ls FT SIDE 
x369, FX'-12.3 
369.91.15.1 
369, FZ, -15.1 
r 370, FX, -12.3 
t, 370, 
FY, 1.1 
T310, 
FZ, -15.1 
[, 371. FX, -12.7 
J71, FY, 15.4 
rr, 371, F2, -15.1 
[ 31 2; 5.; 72, Y 15.1 
t, 372, FZ, -15. 
/ 
t, 373, FX, -12.3 
t. 37 3, 
FY, 15.4 
r. 374, 
FX, -12.3 
, 
374, FY, 15.4 
T 371, FZ1; 
A 
T 375, FY, 
15.1 
375, FZ, -15.4 
MDIRL PTERTOC! D 
37 
App-da B/APDL Codefn, Loading ofMurdible Flniro Element Model 
F, 824, FX, 3.9 
F, 024,11Y, 1.03 
F, 824, FZ, -1.03 
F, 830, FX, 3.9 
F, 830, FY, 1.03 
F, 830, FZ, -1.03 
F, 843, FX, 3,9 
F, 843, FY, 1.03 
F, 843, FZ, -1.03 
F, 846, FX, 3.9 
QUAFY, 1.03 
F, 846, F2, -1.03 
F, 847, FX, 3.9 
F, 847, FY, 1.03 
F, 847, FZ, -1.03 
LEFT SIDE 
F, 237, F%, -3.9 
F, 237, FY, 1.03 
F, 237, FZ, -1.03 
F, 241, FX, -3.9 
F, 241, FY, 1.03 
 , 241, FZ, -1.03 
F, 255, FX, -3.9 
F, 255, FY, 1.03 
F, 255, FZ, -1.03 
0,256, F%, -3.9 
0,256, FY, 1.03 
F, 256, FZ, -1.03 
F, 256, FX, -3.9 
F, 258, FY, 1.03 
F, 256, FZ, -1.03 
F, 265,00 -3.9 
F 265,01,1.03 
F, 265, FZ, -1.03 
I ANTERIOR T@? ORKLIS 
1 RIGHT SIDE 
F, 931,1X, 2 
F, 931,12.5.81 
F, 931, F2, -10.14 
F19, FX, 2 
F: 
" 
9,979,92,5.94 
9,979,12, -10.11 
1,1018,1X, 2 
F, 1018, FY, 5.81 
F, 1018, FZ, -10.14 
F, 1019,9X, 2 
F, 1019, FY, 5.84 
9,1019,18, -10.14 
LEFT SIDE 
F, 776, FX, -2 
F, 776, FY, 5.81 
F, 376, FZ, -10.14 
F, 419, FX, -2 
36 
Apffldix B/APDL Code f., Loadigg ofMmWibl, Fi lre Ekoooo Model. 
RIGHT SIDE 
F, 942, FX, -6.3 
F, 942, FY, 17.6 
F942, FZ, 6.1 
F, 943, FX, -6.3 
F, 943, FY, 17.6 
F, 943, FZ, 6.1 
T, 944, FX, -6.3 
F, 944, FY, 17.6 
F, 944, FZ, 6.1 
F, 945, FX, -6.3 
F, 745, FY, 17.6 
F, 945, TZ, 6.1 
r".. [X, -6.3 
, 946, FY, 17.6 
F, 946, F2,6.1 
F, 1068, FX, -6.3 
F, 1068, FY, 11.6 
F, 1066, FZ, 6.1 
LEFT SIDS 
F, 351, FX, 6.3 
F, 351, FY, 17.6 
F, 351, FZ, 6.1 
F, 352, FX, 6.3 
F, 352, FY, 17.6 
0,352, FZ, 6.1 
F, 353, FX, 6.3 
F, 3 53, FY, 17.6 
F, 353, FZ, 6.1 
F, 354, FX , 6.3 
F, 354, FY, 17.6 
F, 354,11,6.1 
F, 355, FX, 6.3 
F, 355, FY, 17.6 
F, 355, FZ, 6.1 
F, 483, F%, 6.3 
F, 483, FY, 17,6 
F, 483, FZ, 6.1 
I Lunn PT! RIODID (IR!!! IO! !! AD) 
I RIGXT SIDE 
F, 619, FX, -4.9 
F, 619, FY, 1.7 4 
F, 619, FF, 1.4 3 
8,622, FX, -4.9 
F, 622, FY, 4.74 
F, 622, FZ, 1.43 
F, 623, FX, -4.9 
F, 623, , Y, 4.14 
F, 623, FZ, 4.47 
F, 630, FX, -4.9 
F, 630, FY, 1.74 
8,630, F2,1.43 
F, 633, FX, -4.9 
1,833,80,4.74 
3a 
Appendix B/APDL Code far Lauding of Mandible Finite Element Model. 
F. 633, FZ, 4.43 
LEFT SIDE 
F, 20, FX, 4.9 
[, 20, F. 4.74 
F. 20, F2,4.43 
F, 21, FX, 4.9 
[, 21. FY, 4.74 
[, 21, FZ, 4.47 
F, 25, F%, 4.9 
F. 25, FY. 4.74 
F. 25, [Z, 4.43 
F. 3. '49 
F. 31. FY, 4.74 
[, 31, FL, 4.43 
[, 32. FX, 4.9 
F 32, FY, 4.74 
[. 32. F2.4 . 
43 
yRTg Z P! IRIDDID 
(SU1ZRIOR RRAD) 
RIGHT SIDE 
62 s, FX. -3.3 
F, 625, FY, 
6.7 
F, 625, '2'7 
F 626, FX, -3.3 
r, 626, FY1 
6.7 
F. 62 6, FZ, 
2.7 
r, 627, rX, -3.3 
F, 627. FY, 
6.7 
r 627 F2,2.7 
F, 628, x, -3.3 
[, 628, FY, 
6.7 
628, FZ. 2.1 
LEFT SIDE 
26, FX, 3.3 
F. 26, FY, 
6.7 
7,26, FZ, 
7.7 
F. 27, rX, 
3.3 
7, FY, 6.7 
27, FZ, 2.7 
F. 28, FX, 
3.3 
r, 20 , ry 
F, 28, FZ, 
2.7 
F, 29, FX 
3.3 
r. 29, FY, 
6.7 
F 29, '2,2. 
7 pz"A, TRIC 
MYtCL{ 
f RIGHT 
SIDE 
F. 2637, 
FX, 6. l 
F. 2637, 
FY, -8.1 
F. 2637 , 
F2 
F. 2638, 
FX, 6.1 
39 
Appendix D/MDL Cwk/or Lnahgg ofMaufible FMMM Element M dd.. 
SIGHT 
SIDE 
f 2685, 
F%, -1.92 
F, 2685 
00, -0.8 
0,2683, 
F2. 
. 92 [, 1686. 
F 
266 
[r2686, 
F2 
P. 2687, 
FX1.92 
0.2687. 
[0-0.5 8 
Fr2687, 
FZ, - 
EFT 5IDE 
r, 2673, 
f%, 1.92 
F, 2673, 
FY, 
0.5 
r 
3, PZ, - 
F. 267 
21ý, 
PX, 1.92 
r, 2674. 
FY, -O. B 
t, 67,. 
FZ, 1092 
2675, 
FX, 1.92 
I, 267 
5. PY 
2 
-0.5 
r. 675, 
P2, - 
'¢L 
4 
,, GHT 
511" 
2688,1%, -0.71 
r 268B, 
FY, -0.19 
F 2698,82, 
-0 
71 
268 B , 
FYPX, 0.09 
r269r, 
- 
f, 2689, 
F2, -0.19 
f: 2690, 
FX-0.71 
P 2690.0Y, 
-0.19 
rr2690rFZ, 
- 
F 2691. 
[X, -0.71 
r, 2691, 
[Y, -0.19 
F, 2691, 
PZr 
! LE[T 
5IDE 
F 2616.00,0.71 
F. 2676r 
FYr-0.19 
P. 2676, 
FZ, - 
r, 2677rF%. -0.0 B 
r, 2617, 
ry' 
f, 2677,02,0.19 
f, 2678r00.0.71 08 
C2678jjY, 
-0.19 
, 
9, PX, 0.71 
f 267 
f2679, 
FYr-0.19 
r. 2679, 
f2, - 
1+CELr 
O r-9"83,0 
} ,, GHT 
BIDE 
DL, 17, ru%, 
0 
App. da B/APDL Code fnr Lo. dkg fM edible Finite Elemem blade/. 
F, 2639, FY, -8.1 
F, 2638, FZ, -9.7 
F, 2639, [6.1 
F, 2639, FY, -9.1 
F, 2639, FZ, -9.7 
! LEFT 810E 
F, 2642, FX, -6.1 
F, 2642, FY, -8.1 
F, 2642, FZ, -9.7 
F, 2643, F%, -6.1 
F, 2643, FY, -8.1 
F, 2643, FZ, -9.7 
8,2644, [%, -6.1 
F, 2644, FY, -6.1 
F, 2644, FZ, -9.7 
I my LID NV8CLl 
MTL 1 
I RIGHT SIDE 
F, 2681, FX, -3.3 
F, 2681, FY, -2.7 
F, 2681, F2, -1 
F, 2682, FX, -3.3 
F, 2682, FY, -2.7 
F, 2682, FZ, -1 
I LEFT SIDE 
F, 2669, FX, 3.3 
F, 2669, FY, -2.7 
F, 2669, FZ, -1 
F, 2670, FX, 3.3 
F, 2670, FY, -2.7 
F, 2670, F2, -1 
I KrL2 
RIGHT SIDE 
F, 2683, FX, -3.7 
F, 2683, FY, -2.1 
F, 2693,1 8, -0.92 
F, 2684, FX, -3.7 
F, 2684, FY, -2.1 
F, 2689, FZ, -0.92 
I LEFT SIDE 
F, 2671, F%, 3.7 
F, 2671, FY, -2.1 
F, 2611, F2, -0.92 
F, 2672, FX, 3.7 
F, 2672, FY, -2.1 
F, 2672, FZ, -0.92 
ML 3 
40 
AppendLSB/APDL Colef, Loading ofMandibk Fixi, El-, Model. 
DL 
DL,, 
1717 VY02, -00.00007162 
. 
DL, 17 ROTY. 0 
DL, 17ROTZ, 0 
LEFT SIDE 
DL, 20, rV%, 0 
DL: 20, r VY, -0.0042 
DL. 20, 'UZ, 0.0036 
DL, 20ROTY, 0 
DL, 20ROTZ, 0 
N5UBST, 1 
EEC, 0 
OUTRE9, ALL, 1 
OUTPR, EASIC, 1 
TIME, D. 5 
LSWRITE, 5 
SOLVE 
SHAD ZTZP 6 
I aupzRrXCUL MSZTZR 
1 RIGHT SIDE 
F, 705, FX, 3.96 
F, 705, FY, 21.13 
F, 705, Fl, 1.8 
F, 729, F%, 3.96 
F, 729, FY, 21.43 
F, 724, FZ, 7.8 
F, 725, FX, 3.96 
F, 125, FY, 21.13 
F, 725, F9 
F, 726, FX, 3.96 
F, 726, Fl, 21.43 
11,726j Z, 7.8 
F, 727, FX, 3.96 
F, 721, FY, 21.13 
r, 727, FZ, 7.8 
F. 728, FX, 3.96 
F, 728, FY, 21.13 
F, 726, FZ, 7.8 
1,863, FX, 3.96 
F, 863, FY, 21.43 
F, 863, FZ, 7,8 
F, 1238, FX, 3.96 
F, , 12 38, FY, 21.4 3 
F, 1238, F2,72: 
1 
.8 
F, 2404, FX, 3.96 
F, 2404, Fl, 21.13 
F, 2404, FZ, 7.9 
F, 2405, FX, 3.96 
F, 2105, FY, 21.43 
F. 2405, F2,7.6 
F, 2116, FX, 3.96 
F. 2 116, FY, 21.43 
41 4 
ý ýýý. ii, 
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Appendix B/APDL Code for Loading ofMandible Fi dre FJemem Model. 
F, 2446, FZ, 7.8 
LEFT SIDE 
r, 120, PX, -3.96 
F, 120, FY, 21.43 
C, 120, F2, 
F, 176, [%, --33. . 96 
F. 176, P' Y, 21.43 
F, 176, FZ, 7.8 
T, 177 F%. -3.96 
f, 177, FY, 21.43 
P. 117,81,7.8 
F. 118 " FX, -3.96 
[, 178, FY, 21.43 
r, 178, FZ, 7.8 
[, 179, FX, -3.96 
P, 179, FY, 21.43 
179, P. O. 7.8 
r"180, FX"-3.96 
r, 180, FY, 21.4 3 
F, 180, FZ, 7.8 
F, 282, FX, -3.96 
F. 282, FY, 21.43 
r, 282 , [2,7.8 
P, 1300, EX, -3.96 
F. 1300, FY, 
21.43 
F, 1300, FZ, 7.8 
F, 2399, FX, -3.96 
F. 2399, FY, 21.43 
F. 2399, PZ, 7.8 
F. 24 00, F%, -3.96 
1400, FY, 21.43 
F. 2400, FZ, 
7.8 
F, 2490 , P. 
O. -3.96 
F. 2490, FY" 
21.43 
, 7.8 F. 2490, F2 
! OEt! HRSS1T1R 
! RIGHT BIDE 
r,. 809, EX, 
6.5 
F. 808, FY, 
2.4 
r'08, rz, -2.1 
F, 924, E% 
6.5 
F, 82 4, FY, 
2.4 
r 824, FZ, -2.4 
[, 810, F%, 
6.4 
T, 830, FY, 
2.4 
C, 830, FZ, -2.1 
[, 843,, 2.4 
F, 843, 
x, 843, FZ, -2.4 
C, 846, EX, 
6.5 
F46, FY22.4 
[, 816, FZ, -2. 
/ 
[, 47, F%, 
6.5 
F. 847. FY, 
2.4 
0.847, FZ, -2.4 
Appendix B/APDL Code for Lmiding of Mandible Finite Efanenr Model 
LEFT SIDE 
F, 237, F%, -6.5 
F, 237, FY, 2.4 
F, 237, FZ, -2.4 
F, 241,1%, -6.5 
F, 241, FY, 2.4 
F 241,12, -z. 1 
F, 255, F%, -6.5 
F. 255, FY, 2.4 
F, 255, FZ, -2.4 
F, 256, FX, -6.5 
1.256, FY, 2.1 
F , 256, IZ, -2.4 
, 256, FX, -6.5 
F, 256,67,2.4 
F, 256, FZ, -2.4 
F, 265, F%, -6.5 
F, 265, FY, 2.4 
F, 265, FZ, -2.4 
I ANTLRIOA TSMDOPALZS 
RIGHT SIDE 
F, 931, FX, 2.1 
F, 931, FY, 6.9/ 
F, 931, Fa, -11.3 
F, 979, FX, 2.1 
F, 919, FY, 6.99 
F, 979, FZ, -11.3 
F, 1o 18, ex, 2.1 
F, 1D 18, FY, 6.94 
F, 1018, FZ, -11.3 
F, 1019, FX, 26.. 1 
F, 1019, FY, 94 
F, 1019, FZ, -11.3 
LEFT SIDE 
F, 376, Fx, -2.1 
F, 376, FY, 6.94 
F, 376, FE, -11.3 
F, 419, FX, -2.1 
F, 119, FY, 6.94 
F, 419, FE, -11.3 
F, 426, FX, -2.1 
F, 426, FY, 6.94 
F, 126, F2, -11.3 
F, 427, FX, -2.1 
F, 427, FY, 6.94 
F, 427, FZ, -11.3 
1 POSTERIOR TEKPORLLII 
1 RIGTH SIDE 
F, 924, F%, 9.7 
F, 924: 
E 
4, FY, 32.5 
F, 924, FZ, -12.5 
4 
ApprndL 8/APDL CoAf, Lombng ofMamlibl, Finite Element Modd.. 
t, 925, 
F%, 9.7 
f"925, 
FY, 12.5 
F, 925, 
P2. -12.5 
F 92 
f, 926, 
FY, 12.5 
F"926, 
F2, -12.5 
["927, 
P%, 9.7 
927"fY. 
12. 
F. 927, 
FZ, -12.5 
F, 929 
9. y, 12.5 
, 
92 'FZ 
-12.5 28" t, 9 
f. 929, 
F%, 9.1 
1.929. 
FY. 12.5 
[ 929, 
z, -12.5 
f 93D"F%, 
97 
930" [Y, 
112.5 
t90, 
F2. - 
lErT 
SIDE 
369, [%, -9.7 
P, 369, 
FY, 12.5 
[ 369, 
Z, -9275 
F, 370, 
[% 
[370, 
r 12.5 
z ,: 
912 r, 31 
37 
F, 371, 
PY, . 
2. 2. -12.5 
F. 371. 
P1 
F 372, 
F%, -9.7 
372. FY, 
12.5 
372 rZ, -12.5 
313 F%, -9.5 
f, 3 7 
[Y, 12.5 
f, 373. 
[2. -12.5 
F, 37 4 ,' 12.5 
. 374 
["374, 
FZ"-12.5 
375"x"12.7 
f, 315, [Y, 
12.5 
FZ, -12.5 F 315. 
r ýD21 
r"az 0ID 
f 1IGH"t 
SIDE 
P. 942, 
x"-11.7 
33 
P, 942, 
F2.30 
f, 942, E _11.7 
f, 943 
0' 947. 
fY, 
10 
F, 943, 
PZ, 
11.7 
C, 944. 
P%"ý 
C, 944, 
FY, 33 
99 14, fZ, 
10 
5" .3 
: 
33 
Y. 945, 
CY 
P, SAS, 
1Z10 
C, 946, 
[%. -11.7 
f, 946"PY, 
3] 
44 
Appendix B/APDL Codefor Lrwddng of Mmulible Finite Element Unk/ 
F, 94 6, Fz, 10 
F, 1068, F 
F, 1068, FY, 33 
r, 1060,19 , 10 
LEFT 920E 
F, 351, Fl, 11.7 
F, 351, FY, 33 
F, 351, FZ, 10 
F, 352, F%, 11.7 
F, 352, FY, 33 
F, 352, Fl, 10 
F, 353, Fl, 11.7 
F, 353, FY, 33 
F, 353, Fl, 10 
F, 354, FX, 11.7 
F, 354, FY, 33 
0,354, FZ, 10 
F, 355, FX, 11.7 
F, 355, F Y, 33 
F, 355, FZ, 10 
F, 183, FX, 11.7 
F, 483, FY, 33 
F, 483, FZ, 10 
I LATIPAL PuRIOOIV MAIPRIOR 9IRD) 
1 RIGHT BIDE 
F, 619, FX, -5.2 
F, 619, FY, 5.21 
F, 619, FZ, 9.6 
F, 622, FX, -5.2 
F, 622, FY, 5.21 
F, 622, FZ, 1.6 
F, 623, FX, -5.2 
F, 623, FY, 5.21 
F, 623, FZ, 4.6 
F, 630, FX, -5.2 
r, 630, FY, 5.21 
F. 630, F2,6.6 
F, 63 3, FX, -5.2 
F, 633, FY, 5.21 
F, 633, FZ, 4.6 
I LEFT 5X0E 
F, 20, FX, 5.2 
F, 20, FY, 5.21 
F, 20, F8,1.6 
F, 21, FX, 5.2 
F, 21, FY, 6.21 
f, 21, £5,4.6 
F, 25, FX, 5.2 
F, 25, FY, 5.21 
F, 25, FE, 4.6 
F, 31, FX, 5.2 
F, 31, FY, 5.21 
F, 31, FZ, 4.6 
F, 32, FX, 5.2 
Appendix B/MOL Cadajnr Loading ofM ndih1, Fini, o Ehnen, Modoi 
F, 2644, Fx, 
[x260<, FY, -7,1 
F, 2644, FZ, -8 .6 
3.2[OGOLID MUSCLE 
L1 
RIGHT SIDE 
F 2681, FX, -1.35 
F, 2661,11, -1.13 
F, 2661.11, -0.1 
L, 26 FX, - 
"'5 
1.13 
[, 2682, FY1 
F, 2692,12,0.4 
LEFT SIDE 
[, 2669,10,1.35 
F, 2669, FY, -1.13 
F, 2669, FE, -0.1 
F 2670, FX, 
1.35 
r, 267 0,10, -1.13 
F. 2670, FZ, -0. 
KIL2 
RIGHT SIDE 
F. 2683, FX, -1.75 
F, 2683, FY , -1 
F. 2683, FZ, -0.43 
F. 2684, IX , -1.75 
F. 2684, FY, -1 
2684, FZ, -0.43 
1 LEFT SIDE 
Fr2671, F%, 
1.75 
[, 2671, FY, -1 
F. 2671,11, -0.43 
Fr2672, FX1.75 
[, 2672, FY, 
1 
[, 2672, FE, - 
0.13 
'"L 3 
RIGHT SIDE 
1,2685,10, 
[, 2685.10. -0.43 
[, 2685, 
FZ, -0.3 
F, 2686,1X, -1.1 
[r2686, FY0.43 
[r 2696, 
F2,0.3 
F. 2697, 
IX, -1.1 
[, 2687, FY, -0.43 
[, 2687,12, -0.3 
I LEFT side 
71 
App -h. 8/APDL Cwlf, L-dlrtg ofAf-dibk Finite Element Model. 
KBC, 0 
oUTRE9B52c11 
pUTPR, 
L9WRI TEý9 
socve 
. ITIP 10 
8vlaRJICIAL 
9.398080 
r RIGHT 
SIDE 
705, f%, 
2.9 
r, 7p 5,12.16.3 
1,705.1%, 2.9 
f, 72 
F. 724. 
PY, 16. ] 
1, X240 
3.5 
82' 2.9 
E. 12 1: 
L 
r. 72 5. 
FY, 16.3 
725, FZ, 
3.5 
1.726,1X, 
2.9 
! ßp 6, 
FY, 163 
r, 726,10,3.5 
27, IX, 2.9 f r 
727, FY, 
16.3 
fr 721, 
FZ, 3.5 
f 72B8, 
FX, 2.9 
1,72 , 
FY, 16.3 
t, 723. 
x, 
2.9 
tr 863, 
FY, 16.3 
1863. 
r, 863, 
[Z. 1.5 
1.1238: 
FX, 2.9 
r" 238,1Y, 
16.3 
1,1238,12,3.5 
8.2j0C, 
8X, 2.9 
r. 2404, 
FY. 16.3 
5 
1,2404 
, 
3.5 
e, 2405, 
FX 
1,2405,82,16.3 
1,2605, 
FZ, 3.5 
f, 2446.1X, 
2.9 
1.2446.10 , 
16.3 
8.2446, 
FZ. 3.5 
7 LefT 
SIDE 
r. 120,1X. -2.9 16.3 
120, ry, 
[, 120,11,3.5 
176.1, 
176, p0,16.3 
F, 176, 
FZ, 3.5 
1,177,10 
17.16.1 l3 
1,177, 
[0,3.5 
1,178. 
[%, '2.9 
F. 17 B, 
[0,16.3 
78. [2.3.5 fr 1 
73 
Appendix B/APDL Codef rGmding ofMum/ihle Foule P-mi Model. 
F, 2673, Fx, l. i 
F, 2673, FY, -0.43 
F, 2673, FZ, -0.3 
F, 2674, F%, 1.1 
F, 2674, FY, -0.43 
F, 2674, FZ, -0.3 
F, 2675, FX 1.1 
F, 2675, FY, -0.43 
F, 2675, FZ, -0.3 
ML 4 
RIGHT SIDE 
F, 2688, FZ, -0.7 
F, 2688ýFY, -0.08 
F, 2688, FZ, -0.18 
F, 2689, FX, -0.7 
F, 2689, FY, - 0.08 
F, 2689, F8, -0.18 
F, 2690, FX, -0.7 
F, 2690, FY, - 0.08 
F, 2690, FZ, -0.18 
F, 2691, FX, -0.7 
F, 2691, FY, -0.08 
F, 2691, FZ 
I LEFT SIDE 
F, 2676, FX, 0.7 
F, 2676, FY, -0.08 
F, 2676, FZ, -0.18 
F, 2677, F%, 0.7 
F. 2677, FY, -0.08 
F. 2677, Fl. -0.18 
F, 2678, FX, 0.7 
F, 2678, FY, -0.08 
F, 2678, FE, -0.18 
F, 2679, FX, 0.7 
F, 2679, FY, -0.08 
F, 2679, F2, -0.18 
ACEL, 0, -9.81,0 
I RIGHT SIDE 
DL, 17U%, 0 
DL, 17 UY, -0.0014 
DL, 17 UZ, 0.0012 
DL, 17 ROTY, O 
DL, 17ROTZ ,0 
LEFT SIDE 
DL, 20UX, 0 
DL, 20UY, -0.0011 
DL, 20Ub, 0.0012 
DL, 20 ROTY, 0 
DL, 20ROTS, 0 
NSUBST, 1 
72 
Appendix 8/APDL Codetor Loadi, g ofMmulibfe Finite E/emno Mod I.. 
F, 179, FX, -2.9 
F, 179, FY, 16.3 
F, 179, F2,3.5 
F, 180,0%, -2.9 
F, 180, FY, 16.3 
F, 180, F2,3.5 
F, 282, FX, -2.9 
F, 282, FY, 16.1 
F, 282, F2,3.5 
F, 1300, FX, -2.9 
F, 1300, FY , 16.3 
F, 1300, £2,3.5 
F, 2399, FX, -2.9 
F, 2399, FY, 16.3 
F, 2399, F2,3.5 
F, 2400, FX, -2.9 
F, 2400, FY, 16.3 
F, 2400, F2,3.5 
F, 2490, FX, -2.9 
F, 2490, FY, 16.3 
F, 2490, FZ, 3.5 
DEZP MRSSZT! P 
RIGHT SIDE 
F, 608, Fx, 4.5 
F, 606, FY, 3.3 
F, 808, FZ, -3.3 
F, 624, F?, 4.5 
F, 824, FY, 3.3 
r, 824, FZ, -3.3 
F, 830, Fx, 4,5 
F, 830, FY, 3.3 
F, 630, FZ, -3.3 
F, 843, F%, 4.5 
F, 643. FY, 3.3 
F, 843, t0, -3.3 
F, 046, FX , 4,5 
F, 846, FY, 3.3 
F, 646, FE, -3,3 
F, 647, rx 4.5 
F, 847, rY, 3.3 
x, 847,, 2, -3.3 
LEFT SIDE 
F, 231, FX, -4.5 
F, 237, FY, 3.3 
F, 237, FE, -3.3 
F, 241, F%, -4.5 
F, 241, FY, 3.3 
F, 241, F2, -3.3 
F, 255, FX, -4. S 
F, 255, FY, 3,3 
F, 255, F2, -3.3 
F, 256, F%, -4.5 
F, 256, FY, 3.3 
F, 256,! E, -3,3 
F, 258, F%, -4.5 
F, 258, FY, 3.3 
74 
Appendix B/APDL Code fr Loading of Mandible Finite Eleme n Modd.. 
F, 32, FY. 5.21 
f, 3Z, FZ, 4.6 
y,, Zs L PYERIDDID (BVPZRIOR 9ERD) 
f RIGHT SIDE 
f, 625, F%. -4.4 
f, 625, FY, 9 
F, 625, FZ. 3.3 
F. 626, FX, -4.4 
F, 626, FY, ' 
f, 626, FZ, 
3.3 
F, 627, FX, -4. 
/ 
F, 627, FY, 9 
F, 627, FZ, 
3.3 
628, FX, -4"4 
F, 628, FY, 
9 
F. 628, FZ, 
3.3 
1 LEFT SIDE 
F, 26, FX, 
4.4 
F, 26, FY, 
9 
F, 26, F2,9.3 
F. 27, FX, 
4.1 
F. 27. FY, 
9 
F 27, F2,3.3 
F, 28. FX, 
4.4 
F, 28. FY 
P 28, FZ, 
3.3 
P, 29, FX, 
4.4 
F. 29, FY, 9 
F. 29. FZ. 
3.3 
0IsasTRIC MUSCLE 
( RIGHT SIDE 
F. 2637, E%, 
6.1 
F. 2637, 
FY, -8.14 
F, 2637, FZ, -9.8 
F. 2638, FX, 
6.1 
[, 2639, FY, 
8.11 
F. 2638, FZ 
f, 2639,9X, 
6.1 
f, 2639, FY. - 
8.14 
L,, 2639, 
FZ, -9.8 
LEFT SIDE 
f, 2642, 
FX, -6.1 
F. 2642, FY, -E. 
14 
F. 2642, 
FZ, -9.8 
P, 2643. 
Lx -1.1 
P, 2643 FY 
14 
P, 2643, 
FZ, -9.8 
f, 2644, FX6.1 
F, 264 4, 
EY, -8.14 
F. 2644,11-, .8 
47 
APG-dL 8/APDL Codf, Loodigg ofM,, dth1 FI, Ie Element Mod I.. 
r, 2C74"FX"1.7 
1.2674. 
FY, "0.7 
r. 2614, 
FZ, -0.41 
[. 2675. 
IX, 1.7 
r, Z675. 
[Y. 
[. 2675. 
F2. -0.44 
f Nxz' 
4 
! RIGHT 
BIDE 
r. 268B. 
[X, "0.7 
r. 26BB. 
Y, -0.08 
6BB, Pt, -O. 
1B 
f. 2689. ro, -0.7 
F. 2689" 
FY, -0.06 
[. T6B 
9.8 
r, 2690. EXY 
, "O 
[, 2690., 
-. 
7OB 
r. y690 
f2" -0.19 
F. 2691, 
FX 
00.7 . 08 F, 2691. 
PY"- 
F 2691. 
F2" "0.38 
! yefT 
500! 
F. 2616. 
FX. 0.7 
F, 2676, 
FY, '0.09 
r 2676, 
FT"-O. 1B 
F 2677"FX, 
0.7 
F 2677"FY, 
-. 
6 0.1B 
T, 2671 
[1; -0 1 
r, 2679. 
T0,0.7 
P 2678, 
FY, -0.08 
F"2679''T"'O. 
1B 
r, 2679. 
FX" 0.7 
F, 2679" 
FY, " 0.08 
F 2619, 
f2,0.16 
ACE L, 
0, '9.81,0 
RIGHT 
SIDE 
DL. 17.. 
U%0 
DLL y7UY, 
0.0075 
DL"17  
U2,0.007 
DL 11iROTY"0 
DL y7ROTI, 
0 
LerT 
BIDE 
20UX"0 pi. 
20  
UY, -0.0033 
DL. 20" "UZ" 
0.007 
DL"T0. "ROTY, 
0 
DL. 20ROTZ, 
0 
Nsue5T. 
1 
KBC'0 
49 
Appendix B/APDL Co k jot Loading ofMru/ible Finite Ele- Mmlel 
1 IIIODOLID NDICL{ 
ML 1 
RIGHT SIDE 
F, 2691, FX, -2.9 
F, 2681, FY, -2.1 
F, 2691, r9, -0.91 
F, 2682, FX, -2.9 
F, 2682, FY, -2.1 
F, 2682, FZ, -0.91 
LEFT SIDE 
º, 2669, FX, 2.9 
F, 2669, FY , -2.1 
F, 2669, F2, -0.91 
F, 2670, FX, 2.9 
F, 2670, FY, -2.1 
F, 2670, F2, -0.91 
I MZL2 
RIGHT SIDE 
F, 2683, Fx, -3.4 
F, 2683, FY, -1.9 
F, 2683, FZ, -0.84 
F, 2684, FX, -3.4 
F, 2684, FY, -1.9 
F, 2684, FZ, -0.84 
Leer SIDE 
F, 2671, FX, 3.1 
F, 2673, FY, -1.9 
F, 2671, F2, -o. 84 
F, 2672, FX3.4 
F, 2672, FY, -1.9 
F, 2672, FZ, -0.84 
I MXL7 
RIGHT HIGH 
F, 2685, FX, -1.7 
F, 2685, FY, -0,7 
F, 2685, FZ, -0.11 
F: 2686 , FX, -1.7 
F2686, FY, -0.7 
F, 2686, FZ, -0.44 
F, 2687, FX, -1.7 
F, 2687, FY, -0.7 
F, 2687, F2, -0.11 
I LEFT SIDE 
F, 2613, FX, 1.7 
F, 2673, FY, -0.7 
F, 2677, FZ, -0.11 
48 
Appendi. B/APDL Code for Loafing of U. hhI Finire Ei- M M.. 
OUTRE9, ALL, 1 
OUTPR, RASIC, 1 
TIME, 0.6 
LIWRITE, 6 
SOLVE 
I LOAD SUP 7 
1 WVYEAIICSA6 M&SSZT1 
1 RIGHT SIDE 
F, 705, FX, 3.6 
F. 705, FY, 19.6 
F, 705, FZ, 6.4 
F, 724, FX, 3.6 
F, 724, FY, 19.6 
F, 724, FE, 6.4 
F, 725,! %, 3.6 
F, 725, FY, 19.6 
F, 725, F2,6.4 
F, 726, FX, 3.6 
F, 726, FY, 19.6 
F, 726, F2,6.4 
F, 727, FX, 3.6 
F, 727, FY , 19.6 
F, 727, F2,6.4 
F, 728, FX, 3.6 
F, 728, FY, 19.6 
F, 120, FZ, 6.4 
F, 863, FX, 3.6 
F, 863, FY, 19.6 
F, 863, FZ, 6.4 
F, 1238, FX, 3.6 
F, 1238, FY, 19.6 
F, 1238, F2,6.4 
F, 2404, FX, 3.6 
F, 2404, FY, 19.6 
F, 2404, FE, 6.4 
F, 2405, FX, 3.6 
F, 24405, FY, 19.6 
F, 2405, FE, 6.4 
F, 2446, FX, 3.6 
F, 2446, FY, 19.6 
F, 2446, FE, 6.4 
1 LEFT EIDE 
F, 120, FX, -3.6 
F, 120, FY, 19.6 
F, 120, FE, 6.4 
F, 176, FX, -3.6 
F, 176, FY, 19.6 
F, 17 6, FE, 6.4 
F, 177, FX, -3,6 
[, 177, FY, 19.6 
F, 177, FL, 6.4 
F, 178, FX, -3.6 
F, 178, FY, 19.6 
F179, F2,6.4 
F: 179 , FX, -3.6 
SO 
Appendix DIAPOL Cock for Loadigg ofMnndihM Finite El, -,, MWl J.. 
[, 7 9, FY, 19.6 
F, 179, FZ, 
6.4 
Y, 10 O, Fx, -3.6 
P, 180, FY, 19.6 
P, 180, FZ, 
6.4 
F, 282, FX, 
F. 28FY, 
19.6 
F. 282. FZ, 6.44 
.: 6 F. 1300"FY, 
136 
, 
100, F3 
P, 1300, F2.6.4 
2399, FX, -3.6 
F, 2399, FY, 
19.6 
2399, FZ, 6.4 
F. 2400. IX. -3.6 
F. 2400, FY, 
19.6 
F. 2400, PZ, 
6.4 
F. 2490, PX, -3.6 
F. 2490, F?, 
19.6 
F. 2490, FZ, 
6.4 
, p.. P bL 83T[A 
FIGHT 910E 
F, 808. FX, 
5.9 
p, BOB, FY, 
2.7 
BOB, Z, 27 
F 824, FX, 
5.9 
F, 824, FY, 
2.7 
1,824, F2, -2.7 
F, 830, FX, 
5.9 
F. 830, FY, 
2.7 
Pý 830, FZ, -2.7 
F. 843, IX, 
5.9 
643. FY, 2.1 
843, FZ, -2 
P, 846, ='x. 
5.9 
p, 846, FY, 
2.7 
F. 846, F2, - 
2.7 
847, FX, 5.9 
F. 847, FY, 
2.7 
F, 847, F2, -2.7 
LEFT SIDE 
F. 237, Fx, 
F, 237, FY, 
2.7 
F, 237, Y2, -2.7 
F, 241, FX, -5.9 
F. 241, FY, 
2.7 
F, 241, FZ, -2 .7 
F, 255, Fx, -5.9 
F, 255, FY, 
2.7 
F. 255, 
p2, -2.7 
F, 256, Fx, '5'9 
F, 256, FY, 
2.7 
F. 256. Fl, -2.7 
F, 258, 
t%'-5.9 
258, FY 
2.7 
1,258, F2. -2.7 
51 
Appendk B/APDL Cndef lL &, W ofMumlihle Finite Elrmenf Moded. 
LBCT SIDE 
r, 369"rx'-11.8 
r 369, 
FY, 15.6 
rý369, 
f2, -15.6 
ry f, 
370,, 15.. 
8 
, 
370, FY, 
15. 
F, 370. 
PZ, -6 
f, 373. 
rx, -S1. B 
r. 3111 
fY, 15.6 
f, 37 I, 
2,15.6 
f 772: 
rx, -il. B 
r. 372, 
FY, 15.6 
F. 372, 
FZ, -15.6 
f 773, 
FX, -31.9 
fý373, 
FY, 15.6 
f 779, 
P2, -15.6 
r. 374, 
[x, -118 
f j74, 
[Y, 15.6 
f ; 71, 
rz, -1s, 6 
375,9, -11.8 
F 775, 
[Y, 15.6 
f 375 
F2, -3S. 6 
m, %AZ PTERI00ID 
RIGHT 9IDZ 
[, 942, 
Fx"-10.7 
r, 942FY, 
292 
942, F2,7" 
f, 943'Fx'10.3 
9 f, 47.7985 
F, 943, 
P2, 
941,9, - 
10.3 
f" 944, 
FY. 29.2 
f, 914' 
FZ, 7 . 95 
[. 945, 
rx, -10.3 
f 945, 
FY, 29.2 
f, 945, 
TZ, 1 5 
946'x'-10.3 
r. 946"[0.29.2 
F, 946, 
P2,7. B5 
f 06B, FY, 29027 
t. 1060,7. B5 
f Ip6B, 
F2, 
' LIFT 
9I09 
f 351,9x, 
10.3 
r, 351, 
FY, 29.2 
3 ,, FZ, 
7.95 
F, J52"f 
3Y, 
29.2 
t, 352, FZ, 7.85 
[, 35, 
P. 353'9x. 
10.7 
[, 353, 
FY, 29.2 
t, 357"FZ 
7.65 
r, 354, 
rX, 10.3 
f, X54" 
[0,29.2 
Appendix B/APDL Codef_ Lnadirg of MnndiMe Finite Element Model 
F, 265, F%-5.9 
F, 26S, FY, 2.7 
F, 265, FZ, -2.7 
1 MT]KRXOR WOOFALIS 
1 RIGHT SIDE 
F, 931, FX, 2.4 
F, 931, FY, 8.9 
F, 931, F8, -13.9 
F, 979, FX, 2.4 
F, 979, FY, 8.9 
F, 979, F2, -13.9 
F, 1018, FX, 2.4 
F, 1018, FY, 8.9 
F, 1018, F2, -13.9 
F, 1019, FX, 2.4 
F, 1019, FY, 8.9 
F, 1019, F2, -13.9 
LEFT SIDE 
F, 376, P%, -2.4 
P, 776, FY, 8.9 
F, 376, FZ, -13.9 
F, 419, FX, -Z. 4 
F, 419, FY, 8.9 
F, 419, FZ, -13.9 
F, 426, F%, -2.1 
F, 126, FY, 8.9 
F, 426, FZ, -13.9 
F, 427, FX, -2.4 
F, 427, FY, 8.9 
F, 427, FZ, -13.9 
I POSTERIOR TD O»L I 
RIGTH SIDE 
F, 921, F%FY,, 11.8 
F, 92/, 15.6 
F, 924, F-6 
F, 925, F%, 115.1.8 
F, 925, FY, 15.6 
F, 925, FZ, -15.6 
F, 926, F%, 11.8 
F, 926, FY, 15.6 
F, 926, FZ, -15.6 
F, 927, F%, 11.9 
F, 927, FY, 15.6 
F, 927, F2, -15.6 
F, 928, F%, 11.8 
F, 928, FY, 15.6 
F, 928, FZ, -15.6 
F, 929, F%, 11.8 
F, 929, FY, 15.6 
F, 929, FZ, -15.6 
F, 930, F%, 11.6 
F, 930, FY, 15.6 
F, 930, FZ, -15.6 
S: 
APPendlx B/APDL Code for Lending ofMardihle Finite Element Mukf 
F, 759, F3,7. B5 
F, 35510.3 
F, 355, FY, 29.2 
F, 355, FZ, 7.85 
F, 193, FX, 10.3 
F, 483, FY, 29.2 
F, 183, FZ, 7.95 
I LRSIRSL ? TtRTOOID (XNfPIOR 661D( 
RIGHT SIDE 
F, 619, FX, -5.6 
F, 619, FY, 3.6 
F. 639, FZ, /. 52 
F, 622, FX, -5.6 
F, 622, FY, 5.6 
r, 622 52 
F, 623, FX, -5.4 
F, 623,623F 5.6 
F, 623, FZ, 4.52 
F, 630, F%, -5.4 
F, 630, FY, 5.6 
F, 630, F2,4.52 
F, 633, FX, -5.4 
F, 633, FY, 5.6 
F, 633, FZ, 4,52 
LEFT szoe 
F, 20, FX, 5.4 
F, 20, [Y, 5.6 
F, 20, F2,1.52 
F, 21, FX, 5.4 
F, 31, [0,5.6 
F, 21,02.4.52 
0,25,00 , 5.1 
F, 25, PY, 5.6 
F, 25,02,4.52 
F, 31, F%, 5.1 
0,30, FY, 5.6 
F, 31, F2,1.52 
r: 3 , FX: ': 
6 32, FYF, 
32,02,4.52 
I LATERAL PTZRTGOID (EDPZRIOR EIMD) 
I RIGHT SIDE 
F. 62s, Fx, -4.4 
F, 6x s, rY, 9.13 
F. 6x s, rZ, 3 
F. 626, FX, -4.4 
r, 626, FY, 9.13 
F, 626, FZ, 3 
F, 627, r%, -4.4 
F, 627, FY, 9.13 
F, 627,1'2,3 
F, 620, F%, -4.4 
F, 629, rY, 9.13 
53 
Appendix B/APDL Cole for Loading ofMandiMe Finite Elemem Model. 
F, 628, F2,3 
! LEFT BIDE 
F. 26, FX, 4.4 
F, 26, FY. 9.13 
F, 26, F2,7 
F, 27, FX. 4.4 
f, 27, EY, 9.13 
F. 27, FZ, 3 
f, 28, FX, 4.4 
F, 28, FY, 9.13 
[, 2B. Fl. 
3 
4.4 
F, 29, FY 
9.13 
f, 29, FZ. 3 
[ I)ZC3ASTRZC 
MUSCLE 
! RIGHT SIDE 
[, 2637, FX, 6.1 
r, 2637, FY, -8.14 
F, 2637, F2, -9.8 
f, 2636, rX, 
6.1 
F, 2638, FY 
f, 263F2, -9 
F. 2639, Fx, 
6.1 
F, 2639, fY, -8.11 
F, 2639, F2, -9. 
B 
LEFT SIDE 
F, 2642, FX, -6.1 
F, 2642, FY, -8.14 
[, 2642 F2, 
f, 2641 FX-6.1 
F, 2641. FY. -8.14 
r, 2643, FZ, -9.8 
F, 2644, Fx, -6.1 
[, 2644, FY, -8.14 
r, 2644, FZ, -9.8 
mroaoLID H88CLI 
QL 3 
RIGHT SIDE 
[, 2681,8X, -2.3 
f, 2681, FY, -1.93 
f, 2682, 
FZ0.73 
2682. FX, 2.3 
r, 2682. 
'93 
f, 2682, 
FZ, -0.73 
! LEFT SIDE 
F. 2669, FX, 
2.3 
F, 2669, 
FY, 1.93 
F 2669,82, -0.73 
2.126-10 , F0,2.3 
53 
Appendix B/APDL Co f., Lauds, of Mandib! FI ! te Element U. M. 
[ 2690, 
FZ, -0.1a 
f 2691, 
FX, -0.7 
r: 2691, 
FY ,. 
6 
r. 2691, 
FZr-0.16 
I Lz FT 
SIDE 
[ 2676, 
FX, 0.7 
[ 2676, 
FY, -0.06 
[. 2676. 
FZr -O. 1B 
F, 2677, 
F% 
Y, 
,0 
F 0708 2677, - F 
2677, FZ, -O. 
11 
r. 2676, 
F%, 0.7 
r 2678, 
FY, -0: 01 
[ 2679, 
FZ, O. E 
r 2679, 
FX, 0.7 
r, 267 
9, [Y, -0.0E 
r, 2619, 
FZ, -0.18 
ACEL, 
O, -9.81,0 
I RIGHT 
SIDE 
Dy 17UX, 
D 
OL, 17 ", 
UY, 02E 
L 17UZ, 
D. 0024 
U 
Dy 17 
ROTY, 0 
DL, 17,, 
ROTZ, O 
"FT SIDE 
00.20UX, 
0 
Dy, 200Y, -0.0026 
DL 20UZ, 
0.002/ 
Dy. 20 
ROTY, 0 
DL 20, , 
ROT2,0 
NSU5ST, 
1 
14142.0 
OUTRES r 
ALL, I 
OUTFR, BASIC, 
1 
yss 
141TE,, 7 
SOLVE 
LOAD ETXF 
SU'ZxrICIIIL IQ. SUTIR 
RIGHT SIDE 
[x705, TX, 
3 
705, FY, 16.1 
705, FZ, 1.71 
72[X, 
r. 721, 
FYr16. S 
[r 724, 
F2,1.7/ 
[. 725, 
FX, 3 
[ 725, 
FY, 16.5 
Appendix B/APDL Code f b, Gooding of Mandible Fiore Element Mmld. 
F, 2670, FY, -1.93 
F, 2670, F2, -0.77 
1 MSL2 
1 RIGHT SIDE 
F, 2687, F%, -2.71 
F, 2687, FY, -1.5 
F, 268J, F2, -0.7 
F, 26B9, F%, -2.71 
F, 2684, FY, 
F, 2684, F2, -0.7 
LEFT SIDE 
F, 2671, FX, 2.71 
F, 2671, FY, -1.5 
P, 2671, FZ, -a. 7 
F, 2672, FX, 2.71 
F, 2672, FY, -1.5 
F, 2672, FZ, -0.7 
ML 3 
RIGHT SIDE 
F, 2685, FX, -1.5 
 , 2685, , 
F, 2685, 
FYF2, 
-0.4 
F, 2686, PX, -1.5 
F, 2686, FY, -0.6 
F, 2686, F2, -0.4 
F, 2687, F0, -1.5 
P, 2687, PY, -0.6 
F, 2687, F2, -0.4 
LEFT SIDE 
F, 2673, FX, 1.5 
F, 2673, FY, -0.6 
F, 2677, FZ, -0.1 
F, 2671. FX, 1.5 
F, 2674, FY, -0.6 
F, 267/, TZ, -0.1 
F, 2675, TX, 1.5 
F, 2675, FY, -0.6 
F, 2675, FZ, -0. / 
I ML 4 
RIGHT SIDE 
F, 26888,8, FX, -0.7 
F, 26FY, -0.08 
F, 26BB, FZ, -0.16 
F, 2689, FX, -0.7 
F, 2689, FY, -0.06 
F, 2689, FZ, -0.18 
F, 2690, FX, -0.7 
F, 2690, FY, -0.08 
56 
Appmdi B/APDL CokforLoudW ofMoothhk Finite Element ModrJ. 
F, 725, FE, 4.74 
F, 726, FX, 3 
F, 72 6, FY , 16.5 
F, 726, FZ, 4.74 
F, 727, FX, 3 
F, 727, FY, 16.5 
F, 727, F8,4.74 
F, 728, FX, 3 
F. 728, FY, 16.5 
F, 728, Fl, 4.74 
F, 863, F%, 3 
F, 863, FY, 16.5 
F'. 63, FE, 4.74 
F, 1238, FX, 3 
F, 1238, FY, 16.5 
, FZ, 4.74 F: 1238 
F2404, FX, 3 
F, 2404, FY, 16.5 
F, 2404, FR, 4.74 
F, 2405, FX, 3 
F, 2405, FY, 16.5 
F, 2405, F2,4.74 
F, 2446, F%, 3 
F, 2446, FY, 16.5 
F, 2446, FE, 4.74 
LEFT SIDE 
F, 120, FX, -3 
F, 120, FY, 16.5 
F, 120, FZ, 4.74 
F, 176, M, -3 
F, 176, FY, 16.5 
F, 176, FZ, 4.74 
F, 177, FX, -3 
F, 177, F?, 16.5 
F, 177, FZ, 4.74 
F, 175,00, -3 
F, 175, FY, 16.5 
F. 178, r2,4.74 
F, 17 9, FX, -3 
F, 178, FY, 16,5 
F. 179, FZ, 4.74 
F, 180, FX, -3 
F. 160, FY, 16.5 
F. 180, FZ, 4.74 
F, 282, FX, -3 
F, 282, FY, 16.5 
0,282,18,4.74 
[, 1300,1X, -3 
F, 1300, FY, 16.5 
F, 1300,85,4.74 
F, 2399. rX, -3 
F, 2399, FY, 16.5 
1,2399, FZ, 4.74 
F, 2400, FX, -3 
8,2100, FY, 16.5 
F, 2400, FZ, 4.74 
1,2490,1X, -3 
8,2490, FY, 16.5 
8,2490, FZ, 4.74 
57 
APpendis B/APDL Code for Lauding of Mmdibk Fimre Ek u Madel 
I n,, "I SSZTtR 
! RIGHT SIDE 
F, 808, FX, 
5.1 
808.60,2.8 
F, 808, FZ, -2.8 
F, 824, FX, 
5.1 
1 824,10,2.8 
6,824' 1Z, -2.8 
T, 83O, FX5: 
1 
F, 830,1-1: 2 .9 
F, 830, FZ, -2.8 
f, 843. FX, 
5.1 
T, 843, FY, 
2.8 
F, 84 3, FZ, -2.8 
6,846, FX, 
5.1 
6,846,60.2.8 
F, 846, F2, . 
2.8 
F, :47.65,5.1 
6,4 7.60,2.8 
F, 847, FZ, -2.8 
! LEFT SIDE 
1,237,1X, -5.1 
F 237,10,2.8 
F, 237, FZ, - 2.8 
, 
241, FX, -5. 
6 241,60,2.8 
F. , 
241, FZ, -2.8 
255,60, -S. 1 
255, FY, 2.8 
1255,11,28 
F, 256, FX, -5.1 
F, 2 56, FY, 2.8 
F, 256, FZ, -2. B 
6,258, F%, -5.1 
7,258, FY, 2.8 
F, 258, FZ, -2.8 
F 265 1'X, -5.1 
F, 26 5. TY, 
2.1 
F, 26 5, FZ, -2.8 
1 6PXOR TEIOO8ALII 
SIGHT SIDE 
p, 931.6X, 
2.2 
931, FY, 9.24 
P 931, F2, -13.6 
F, 919, FX, 
2.2 
. 21 
F 
6,9 
719 , 
9, 
FZ, 
FY 2 , 
-. 2.6 
,9 
1,1018,60,2.2 
F, 1018, [Y, 
9.24 
1018, F2, -13.6 
1019, FX, 2.2 
F, 1019, [Y, 
9.24 
F, 1019, F2, -13.6 
59 
Appendix B/APDL Co4efor Londtng ofMandfh(e Finite Element Model. 
374, FZ, -17.2 
375, F%, -12.7 
375, FY, 17.2 
tý 375, 
FZ, -17.2 
.., JAL FSCRTOOID 
RIGHT SIDE 
942 FX, -8.3 
942, FY, 23.62 
F 94, 
F2, .5 
F 943, 
Fx. -B. 7 
P 943, 
FY, 23.62 
943, FZ, 5.5 
944, Px, -8.3 
[944, FY, 
23.62 
944, FZ, 5.5 
945, FX, -8.3 
[ 945, FY, 
23.62 
F, 945, FZ, 
5.5 
F, 46. FX, -B. 
3 
r. 946 , FY, 
23.62 
P 946, FZ, 
5.5 
3068, Px, -B. J 
1068, FY, 2J. 62 
F. 1068, FZ, 
5.5 
I LEFT SIDE 
3S1. FX. 8.3 
rý351, 'Y, 
23.62 
351, Fz 5.5 
F. 352, F%, 
8.3 
F, 352, FY, 
23.62 
352, F2,5.5 
r. 353, F%, 
8.3 
Fý 353,11,23,62 
F'353, rz, 
S. S 
354 F%, 8.3 
F. 354, FY, 
23.62 
f 354,12,5.5 
F. 355. [X, 
8.3 
F, 355, FY, 
23.62 
355, F2,5.5 
f. 483, F%, 
8.3 
F 413, FY, 
23.62 
F. 483, rz, 
5.5 
L"RAL FSRRIOOID (IIRZRIOR CZAR) 
p1GHT SIDE 
F, 619, FX, -5.5 
F 619, FY, 
5.9 
r: '62 Fl. 
4.4 
F. 622, F%, - 
5.5 
F, 622, rY, 
5.8 
623,12.1.1 
t, 623, F%, -S'S 
1623,11.5.8 
App . du BI APDL Co kf , Loading ofM 'bk Finite Element M. &/ 
I LEFT SIDE 
F, 316, F%, -2.2 
F, 376, FY, 9.26 
F, 376, F2, -13.6 
F, 119, Fx, -2.2 
F, 119, F9.2/ 
F, 419, FZ, -13.6 
F, 426, FX, -2.2 
1.426, FY, 1.21 
F, /26, FZ, -13.6 
F, 127, F%, -2.2 
F, 127, FY, 9.21 
F, 427, FZ, -13.6 
I POSTERIOR TIIMORRXI$ 
I RIGTH SIDE 
F, 921,12.7 
F, 921, FY, 17.2 
F, 92/, FZ, -17.2 
F, 925, FX, 12.7 
F, 925, FY, 17.2 
F, 925, FZ, -17.2 
F, 92 6, FX, 12.7 
F, 926, FY, 17.2 
F, 926, FZ, -17.2 
F, 927, FX, 12.7 
F, 927, FY, 17.2 
F, 927, FZ, -17.2 
F, 92 E, FX, 12.7 
F, 929, FY, 17.2 
F, 926, FZ, -17.2 
F, 929, FX, 12.1 
F, 929, FY, 17.2 
F, 929, FZ, -17.2 
F, 930, FX, 12.7 
F. 930, FY, 17.2 
F, 930, FZ, -17.2 
LEFT SIDE 
F, 369, FX, -12.7 
F. 369, FY, 17.2 
F, 369, Fl, -17.2 
F, 370, F%, -12.7 
F, 370, FY, 17.2 
F, 370, FZ, -17.2 
F, 371, FX, -12.7 
F. 371, FY, 17.2 
F, 371, Fl, -27.2 
F, 372, FX, -12.7 
F, 372, FY, 17.2 
F, 372, FZ, -17.2 
F, 373, F%, -12.7 
F, 373, FY, 17.2 
F, 373, FZ, -17.2 
F, 371, FX, -12.7 
F, 374, FY, 11.2 
Appendix 8/APDL Cokefor Loading ofMoMiAle Finite Element Mold/ 
F, 623, FZ, 9.9 
F, 630, F%, -5.5 
F, 630, FY, 5.8 
F, 630, FZ, 4.4 
F, 633, FX, -5.5 
F, 633, FY, 5.8 
F, 633, FZ, /. / 
LEFT SIDE 
F, 20, Fx, 5.5 
F. 20, FY, 5.8 
F. 20,1 Z, 4.4 
F, 21, Fx, 5.5 
F, 21, FY, 5.8 
F, 21, FZ, 4. + 
F, 25, Fx, 5.5 
F, 25, FY, 5.5 
F. 25, FZ, 4.4 
F, 31, Fx, 5.5 
F, 31, FY, 5.5 
F, 31, FZ, 4.4 
F, 32, Fx, 5.5 
F, 32, FY, 5.5 
F, 32, FZ, 4.4 
I LATERAL PTRRIOOID (SUPZRIOR BERD) 
1 RIGHT SIDE 
F, 625, FX, -3.6 
F, 625, FY, 7,7 
F, 625, FZ, 2.2 
r, 626, -7; 6 
F, 626, FY, 7.7 
F, 626, FZ, 2.2 
F, 627, FX, 7.6 
F, 627, FY, 7.7 
F, 627, FZ, 2.2 
F, 628, FX, -1.6 
F, 626, FY, 7.7 
F, 628, FZ, 2.2 
I LEFT SIDE 
F, 26, FX, 
7.2.6 F, 26, FY, 7 
F, 26, FZ, 2.2 
F, 27, FX, 7.6 
F, 27, FY, 7.7 
1,27,12,2.2 
F, 28, FX, 3.6 
F, 28, FY, 7.7 
F, 28, FZ, 2.2 
F. 29, FX, 7.6 
F, 29, FY, 7.7 
F, 29, FZ, 2.2 
DIDABTRIC MDSCLa 
RIGHT SIDE 
61 
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8,2637, F%, 5.8 
F, 2637, FY, -7.7 
F2637, F2, -9.2 
r: 2639 , 8X, 
5.8 
F 2638, FY, -7,7 
F, 2638, FZ, -9.2 
F, 2639, FX, 5.8 
F2638,2639,82, 
-9.2 
LEFT SIDE 
8,2642,82, -5.8 
F, 2642. FY, -7.7 
F, 2642, F2, -9.2 
F, 2643, FX, 5.8 
F, 2643, FY, -7.7 
F. 2643, F2, -9.2 
F, 2644, FX, -5.8 
F, 2644, FY, -7.7 
F, 2644, FZ, -9.2 
KT ID MUSCLE 
ºISL 2 
RIGHT BIDE 
F, 2681, F%, -1.8 
FF 
2681, F2, -0.6 
p: 2682, F%-1.8 
p, 2682, FY, -1.5 
F. 2682,, 0,6 
i LEFT SIDE 
F, 2 669. F0.1.8 
F. 2669, FY, -1.5 
p, 2669, FZ, -0.6 
F. 2610, F" '1.0 
F. 2610, FY, -1.5 
F, 26'10, FZ, -0.6 
1.2 
! RIGHT SIDE 
F. 2663, F0, -2.2 
683, FY, -1.2 F: 2 
F2683, F2, -0.54 
F. 2684, F%, 2.2 
F, 2684, FY, -1.2 
F, 2684, FZ, -0.54 
1 LEFT SIDE 
F. 2 611, F%, 
2.2 
F. 2611, TY, -1.2 
F, 2 6'11, FZ, -0.54 
F 2612, F0,2.2 
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APPeaia B/APDL Code for Loading of Momftble Finine Elaneni Model. 
AcE ' o, -sei, 
RIGHT SIDE 
Dy" 17UX, 
0 
Dy y7  
UY, 0081 
Dy y7  
UI, 0.00 8 
Dy" 17, , 
OTY, 0 
Dy" 178010,0 
&fT SIDE 
DL 20iVX, 
0 
UY -0.0 
0L. 
20ý , VZ, 
ao 
1 
001l 
Dy' 0i ROTY, 
Dy"20., FOT2,0 
Dy 
0 
" 
NsVeSST 
1 
lcac Eg ALL, 1 ouiEF, 6p5IC, Io. 
So. 6 ITE, 
SOy1? 
4zVE 
JOtp ITTI 
9 
DU[EA[IC0 
148! SZT[9 
8IGHT SIDE 
F 705,10,3 
F. 70S, 
10,16.7 
F 705, 
FZ, 4.2 
724.8X, 3 
f. 124' 
FY, 16.7 
f" 724, FE, 
4.2 
! "725,8%, 
3 
1.125,10,16.7 
1 725,10,4.2 
1.726,10,3 
f126,12,16.7 
F. 72 6, [5,1.2 
t. 727, FX, 
3 
F 727,11 , 
16.7 
f 727, FZ, 
1.2 
F. 728, FX, 3 
V. 728, FY, 16.7 
f 728, F2,4.2 
863,8X, 3 
863,11Y, 16.1 
F, 863, F2,4.2 
F, 1236. FX. 3 
F, 1276, FY, 16.7 
ý1236 
FZ. 4.2 
P"2404,10.3 
1.2404. FY, 16.7 
F, 2404, FZ, 4.2 
1,2405,8X, 3 
Appendix B/APDL Cafe for Liwding ofMandihle Finite £lemem Male! 
F, 2672, ºY, -1.2 
F, 2672, F2, -0.54 
1 MTL 3 
RIGHT SIDE 
F, x685, Fx, -1.22 
F, 2685, FY, -0.5 
F, 2685, F2, -0.32 
F, 2686, FX, -1.22 
F, 2686, FY, -0.5 
F, 2686, F2, -0.32 
F, 2687, FX, -1.22 
F, 2687, FY, -0.5 
F, 2687, F8, -0.32 
LEFT SIDE 
F, 2673, F%, 1.22 
F, 2673, FY, -0.5 
F, 2673, FZ, -0.32 
F, 2674, F%, 1.22 
F, 267/, FY, -0.5 
F, 2674, FZ, -0.32 
F, 2675, F%, 1.22 
F, 2675, FY, -0.5 
1.2675,12, -0.32 
I MTL4 
1 RIGHT SIDE 
F, 2668, FX 
F, 2688, FY, -0.08 
F, 2688, FE, -0.18 
F, 2689, FX, -0.7 
F, 2689, FY, -0.08 
F, 2689, FZ, -0.18 
F, 2690, FX, -0.7 
F, 2690, FY, -0.08 
F, 2690, F2, -0.18 
F, 2691, FX, -0.7 
F, 2691, FY, -0.08 
F, 2691, FZ, -0.18 
1 LEFT SIDE 
F, 2676, FX, 0.7 
F, 2676, FY, -0.08 
 , 2676, FZ, -0.18 
F, 2677, TX, 0.7 
F, 2677, FY, -0.08 
F, 2677, F2, -0.18 
F, 2678, TX, 0.7 
F, 2678, FY, -0.08 
F, 2678, FZ, -0.18 
F, 2679, FX, 0.7 
F, 2679, FY, -0.08 
F, 2679, FZ, -0.18 
64 
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[, 2105, [Y, 16.7 
1,2405, FZ, 4.2 
1,2446, Fx, 3 
[, 2446, FY, 16.7 
F, 2446, [Z, 4.2 
I LEFT SIDE 
F, 120, Fx, -3 
F, 120, FY, 16.7 
F, 120, FZ, 4.2 
F, 17 6, Fx, -3 
F, 176, FY, 16.7 
[2,4.2 
[, 177, FX, -3 
F, 177, FY, 16.7 
F, 177, FZ, 1.2 
F, 178, F%, -3 
7,178,10,16.7 
r, 176, FZ, /. 2 
F, 179, Fx, -3 
F, 179, FY, 16.7 
7,179,92,1 .2 
7,180,7x, -3 
F, 180, FY, 16.7 
7,190, FZ, 1.2 
F, 282, F%, -3 
F, 282, FY, 16.7 
F, 282, F2,1.2 
F, 1300, Fx, -3 
F, 1300, FY, 16.7 
F, 1300, F2,4.0 
F, 2399, Fx, -3 
F, 2399, FY, 16.7 
F, 2399, F2,4.2 
F, 2400, Fx, -1 
[, 2400,71,16.7 
F, 2400, FZ, 4.2 
F, 2490, Fx, -3 
F, 2490, FY, 16.7 
F, 2490, FZ, 4.2 
cast HAS3ZTU 
r, 808, rx, 1.7 
F, 808, FY, 3 
F, 808, FE, -3 
F, 821, rx, 1.7 
F, 821, FY, 3 
F, 821, r3, -3 
r, 830, rx 4.7 
F, 830, FY, 3 
F, 030, rZ, -3 
F, 843, rx, " .7 
F, 843, rY, 3 
F, 813, F2, -3 
F, 846,8x. 1.7 
F, 846,111, 3 
F, 846, FZ, -3 
65 66 
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F. 847, FX, 4.7 
F, 847, FY, 3 
F. 847, FZ, 3 
t LEFT SIDE 
F. 237, FX, -4.7 
F. 237, FY, 3 
F237, FZ, -3 
F. 241, EX, -4.7 
F, 241, FY, 3 
F, 241. FZ, -3 
F, 255, FX, -4.7 
F, 255, FY, 3 
F. 255, FZ, -3 
F, 256, FX, -4.7 
3 F, 256, FY3 
F, 256, FZ, -3 
F. 258, FX, -4.7 
F. 258, FY, 3 
F, 258, FZ, -3 
F. 265, EX, -4.7 
F, 265, FY, 3 
F. 265, FZ, -3 
t Jp'r: uoa xa PO ALI2 
RIGHT SIDE 
F, 931, FX, 2.2 
F, 931, F0,10.1 
F, 931, FZ, -11.6 
F, 979, FX, 2.2 
F, 979, FY, 10.1 
F, 979, FZ, -14.6 
L" 1018, FX, 2.2 
F, 1018, FY, 10.1 
F. 1018, FZ, -14.6 
F, 1019, FX, 2.2 
1019, FY, 10.1 
p, 1019, F0, -10.6 
t EFT SIDE 
C376, FX, -2.2 
376, FY, 10.1 
F376, FZ, -11.6 
F. 419, FX, -2.2 
C: 419, FY, 10.1 
, 41 9, FZ-14.6 
F, 426,1%, -2.2 
C 42 6, FY, 10.1 
F. 426, F2, -11.6 
F, 427, Fx, -2.2 
F 427, FY, 10.1 
C 427, FZ, -14.6 
pOSTSAIOA TEMOAALIl 
µIGTH SIDE 
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F, 945, 
FY, 23 
r, 945 . 
FZ, 4.5 
F, 946, 
FX, -8 
F, 946, 
FY, 23 
4.5 
t, ! 046F3,4.5 
F, 1068, 
FX, -6 
t, 1068, 
FY, 23 
F, 1068,11,4.5 
yIFT SIDE 
F. 351, 
IX, 8 
F, 351, 
FY, 23 
351,12.4.5 
52, IX .8 
8.352, 
FY, 23 
t 352, 
£Z, 4.5 
F. 353, 
FX, 8 
53, IX. 23 
r, 353 ' 
FZ, .5 
£, 354,1%, 
8 
F. X54, 
FY, 23 
Fr 354,12,4.5 
F, j55'rX'6 
F355'F. 
23 
j55, FZ, 
4.5 
,: 
403 , FX, 
S 
F83, FY, 23 
i 
483,12,4.5 
It"'TZPAI, 
13RRYGOID (IRlIAIOR EEAD) 
ly2GXT 
SIDE 
F, 619,11, 
-5.6 
F, 6 1.9, 
Fl. 6. 
8,619, 
FZ, 4.31 
F. 622,1X, -5.6 
1,622, 
FY, 6.2 
1.622, 
FZ, 4.31 
£, 62 3' 
1' - 5.6 
t 623, 
FY, 6.2 
F, 623, FZ, 
4 . 31 
8,630, £X, -5.6 
F, 630, 
FY, 6.2 
8,630, FZ, 
4.31 
F, 633,8X, -5.6 
F, 633, FY, 
6.2 
633, FZ. 1.31 
LEFT SIDE 
t 20,1X, 
5.6 
8,20,11,6.2 
20, IS, 4.31 
r. 21,10,5.6 
8,21, FY 6.2 
8,21 , 12,4.31 
8,25, IX, 5.6 
F, 25, IY, 6.2 
8,25,11,4.31 
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F, 924, FX, 12,2 
F, 924, FY, 16.8 
F, 924, FZ, -16.8 
F, 925, FX, 12.2 
F, 925, FY, 16.8 
F, 925, F2, -16. B 
F, 926, FX, 12.2 
F. 92 6, FY, 16.8 
F, 926, F2, -16.8 
F, 927, PX, 12.2 
F, 927, FY, 16.8 
F, 927, F2, -16.8 
F, 928, FX, 12.2 
F, 928, FY, 16.8 
F, 92 B, F2, -16.8 
F, 929, FX, 12.2 
F, 929, FY, 16.8 
F, 929, FZ, -16.8 
", g,., " , 12.2 
F, 930, FY, 16.8 
F, 910, FZ, -16.8 
LEFT SIDE 
F, 369, FX, -12.2 
F, 369, FY, 16.8 
F, 369, FZ, -16.8 
F, 370, FX, -12.2 
F, 370, FY, 16.8 
F, 370, FZ, -16.8 
F, 371, FX, -12.2 
F, 371, FY, 16.8 
F, 371, FZ, -16.8 
F, 372, FX, -12.2 
F, 372, FY, 16.8 
F, 372, FZ, -16.8 
F, 373, FX, -12.2 
F, 373, FY, 16.8 
F, 373, FZ, -16.8 
F, 374, FX, -12.2 
F, 374, FY, 16.8 
F, 374, FZ, -16.8 
F, 375, FX, -12.2 
F, 375, FY, 16.8 
F, 375, F2, -16.8 
MEDIAL PTERSAOID 
1 RIGHT SIDE 
F, 942, FX, -8 
F, 942, FY, 27 
F, 942, FZ, 4.5 
F, 943, FX, -B 
F, 943, FY, 23 
F, 943, F2,4.5 
F, 944, FX, -B 
F, 944, FY, 23 
F, 944. .Z, 4.5 
 , 945, FX, -8 
f* 
Appendix B/APDL Cale%r Loading of M . dihk Finite Ekel Mudd 
F, J1. FX. S6.. 6 
F, J1, [Y, 2 
/. J1 
[, ]2, FX, 5.6 
F, J2, FY, 6.2 
F, 32,1Z 4.31 
I LATZRJAL PTmAIDOID (AUSZRIon WD) 
RIGHT SIDE 
FF, 
625,, 
625, FXFY , -7 3.655 
,. 
F, 625, FZ, 1.9 
F, 626. Fx. -3.5 
F, 626, FY, 7.45 
F, 626, FZ, 1.9 
F, 627, FX, -3.5 
F, 627, FY, 7.45 
F, 627, FZ, 1.9 
F, 626, FX, -3.5 
F, 628, r Y, 7.45 
[, 626, FZ, 1.9 
LEFT SIDE 
F, 26, Fx, 3.5 
:U, FY, 7,45 
F, F2,1.9 
F, 27, F%, 7.5 
F, 27, FY, 7.45 
F, 27, FZ, 1.9 
F, 26, Fx, 3. s 
F, 26, FY, 7.15 
FF; '2'1: 
1. , 1.5 
F, 29, FY, 7 . 45 
F, 29,1z, 1.9 
Dlf TRIC MUSCL[ 
RIGHT SIDE 
"X, 5.4 
F, 2637, FY, -7,1 
2637 FZ, -B. 6 
F, 2631, FX, 5.4 
P, 2636, FY, -7,1 
F, 2638, FE, -8.6 
F, 2639, FX , 5,4 
F, 2639, PY, -7,3 
r, 2639, rE, -6,6 
LErT SIDE 
F, 2642, Fx, -3.4 
F, 2642, FY, 
F, 2642, FL, -8.6 
F. 2643, Fx, -5.1 
F, 2643, FY, -7.3 
F, 2613, FZ, -8.6 
7) 
Appendix B/APDL Code far Lrwdi, g of Mandible Finite Element Mudd. 
r, 26«, FX, -5.4 
F, 2644, FY, -7.1 
rý2644, FZ, -8.6 
'¢OGOLID MUSCLE 
}¢L 1 
ly1: GHT BIDE 
F, 2 661, FX, -1.35 
F, 2681, FY, -1.13 
F, 2681. FZ, -0.1 
r, 2682, FX, -1.35 
F, 2682, FY, -1.13 
r, 2682, FZ, -0. / 
LEFT SIDE 
[, 266X. 1.35 
F: 
266 
ý 
2669, FY, -1.13 
F, 2669,90'4 
F. 2670, FX, 1.35 
F, 2610, FY, -1.13 
F 2670, , -0 .4 
yr&2 
RIGHT SIDE 
F, 2683, FX, -1.75 
F2683F. 
2683, FZ, -0.13 
F, 2689, FX, -1.75 
F, 268, FY, 1 
F, 2689, F8, -0.93 
4 LEFT SIDE 
F, 2671, FX, 1.75 
2611, FY, - 
r 2671, FZ, -0.17 
F, 2672. FX, 1.75 
F, 2672. FY, -1 
F, 2612, F2, -0.91 
lL 3 
RIGHT SIDE 
F, 2685, FX, -1.1 
F. 2685,, 
°'43 
F 2685, FZ, -0.3 
F. 2686, Fl, -1.1 
r: 
26 
, 2666, 
FY, -0.13 
F, 2686, FZ, -0.3 
F 2687, FX, -1.1 
Fr 2687, 
y, -0.1I 
F 2687, F 
Z, -0.3 
yeti SIDE 
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", Co 
ýUT; 
r, s, ALL, 1 
OVTO9, 
A91C, 1 
iyyp 
IT E99 
sor. ve 
' ýAp 
STEP 30 
BOPEAIICIAL 
M6$IETEE 
It10NT 9IDE 
F. 705, 
FX. 2.9 
Er 705, 
FY, 16.3 
Fr 705, 
FZ, 3. S 
F. 721. 
F%, 2.9 
E. 724, 
FYr 16.3 
124, FZ, 3.5 
E, 725, 
FX, 2.9 
F725, 
FY, 16.3 
E, 725, 
FZ, 3.5 
Fr126, F%, 
2.9 
F 726, 
FY, 16.3 
Fr 726, FZ, 
3.5 
F. 727, 
FX, 2.9 
F 727, FY, 
16.3 
727, Z, 3. S 
126, F%, 2.9 
9,729, F0,16.3 
728, FZ, 3s 
F, 863, F%, 2.9 
E 863, FY, 16.3 
F, 863, FZ, 3.5 
r, 1238, F%, 2.9 
F. 1239,90.16.5 
F, 1230, FZ, 3.5 
E, 24 04, FX, 2. 
9,24 01, FY, 16.3 
E, 2404, FZ, 3.5 
jr, 2105, FX, 2.9 
9, . 95.16.3 
r, 22405 905, FZ, 3.5 
Fr 2116, F%, 2.9 
F. 2116, FY, 16.3 
E, 2116, FZ, 3.5 
LEFT SIDE 
E, 120, FX, -2.9 
120,15.16.3 
F, 120, FZ, 
3.5 
Fr 176, FX, -2.9 
Fr 176, FYr 
16.3 
176, FZ, 3. S 
9,171, F%. -2.9 
E 117, FY, 
16,3 
9,177, FZ , 
3.5 
tr 17, % 
E, 178, FY, 
16.3 
, 
3.5 
E 178, FZ 
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F, 2673, [X, 1. i 
[, 2613, FY, -0.13 
F, 2673, [2, -0.3 
F , 2674, FX, 1.1 
[, 2674, FY, -0.43 
[, 2674, FF, -0.3 
F, 2675, FX, 1.1 
[, 2675, FY, -0.43 
[, 2675, P2, -0.3 
I MSL 4 
1 RIGHT SIDE 
F, 2688, FX, -0.7 
F, 2688, FY, -0.08 
F, 2688, FZ, -0.18 
F, 2669, t%, -0.7 
F, 2689, FY, -0.08 
F, 2689, FZ, -0.18 
F, 2690, F%, -0.7 
F, 2690, FY, -0.08 
F, 2690, FZ , -0.18 
F, 2691, F%, -0.7 
F2691, FY, -0.08 
t, 2691, FZ, -0.18 
LEe? SIDE 
F. 2676, FX 0.7 
F, 2676, FY, -0.08 
F, 2676, FZ, -0.18 
F, 2677, FX, 0.7 
F, 2677, FY, -0.08 
F, 2677, FZ, -0.1B 
2678, FX, 0.7 
F, 2678, FY, -0.08 
F, 2678, FZ, -0.06 
F. 2679, , X, 0.1 
F, 2679, FY, -0.08 
F, 2679, FZ, -0.18 
ACEL, D, -9. el, o 
I RIGHT SIDE 
DL, 17 U%, 0 
DL, 17 UY, -0.0014 
DL, 17UZ, 0.0012 
DL, 17 ROTY, 0 
DL, 17ROTS, 0 
LEFT SIDE 
DL, 20UX, 0 
DL, 20 UY, 0.0014 
DL, 20 UZ, 0.0012 
DL, 20 ROTY, 0 
DL, 20ROTE, 0 
NSUBST, 1 
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4L dik 8/APDL Cokfo, Lo dng ofM, Jibk Hoop Elan-, Model. 
F, 179, FX, -2.9 
[, 179, FY, 16.3 
F, 179, rZ, 3.5 
180, FX, -2.9 
F, 180, FY, 16,3 
180, FZ, 3.5 
F, 282, FX, -2.9 
1.282, FY, 16.3 
F, 282, FZ, 3.5 
F, 1300, [X, -2.9 
F, 13 00, FY16. 
F, 1300, r: 3;, . 
F, 2399, FX, -2.9 
F, 2399, FY, 16.3 
F, 2399, FF, 3.5 
F, 2400, FX, -2,9 
F, 2400, FY, 16.3 
F, 24 00, F2,3.5 
F, 2490, [X, -2.9 
F, 2490, FY, 16.3 
F, 2490, FZ, 3,5 
I DZXP )MBZTZR 
RIGHT SIDE 
x, 4.5 r, ": 
r F, 808Y, 3.3 
F, 808, FZ, -3.3 
F, 824, F%, 4.5 
F, 824, FY, 3.3 
F, 824, F2, -3.7 
F, 830, P%, /. 5 
F, 830, FY, 3.3 
F, 830, F2, -3.3 
F, 883, F?, 4.5 
F, 843, FY, 3.3 
F, 843, F8, -3.3 
F, 846, F%, 4.5 
F, 846, FY, 3.3 
F, 846, F 
P%, 4.5 
F, 847, FY, 3.3 
F. 847, F8, -3.3 
LEFT SIDE 
r, 237, rx, -4. S 
F, 237, FY, 3.3 
F, 237, FZ, -3.3 
F, 211, F%, -4.5 
F, 24 1, FY, 3.3 
F, 241, FZ, -3.3 
F, 255, Fx, -4.5 
Y, 255, F Y, 3.3 
F, 255, FZ, -3.3 
F, 256, YX, -1.5 
F, 256, FY, 3.3 
F, 256, FZ, -3.3 
F, 256, FX, -3.5 
F, 258, FY, 3.3 
74 
Appendix B/APDL Codefor LoadingofM rdible Finite Element Model. 
r, 25e, r2, -3.3 
x, 265, FX, -4.5 
r, 265, FY , 3.7 
r, 265, F2, -7.3 
f RtýT6120R TZNPOaAt29 
f RIGHT BIDE 
F, 931, FX, 2 
F, 93 1, FY, 10.3 
P, 931, F2, -11.1 
F, 97 9, FX, 2 
F, 97 9, FY, 10.1 
F, 979, FZ. -14.3 
F, 1018, FX, 2 
P, 1019, TY, 10.3 
e, 1018, rz, -14.3 
P, 1019, rx, 2 
F, 1019, FY, 
10.3 
F. 1019, T0, -14,3 
I LEFT SIDE 
F, 376, FX, -2 
r. 37 6, FY, 10.3 
F 37 6, FZ, -14.3 
FF, 419, F%, -2 
F, 419, FY, 10.3 
F, 419, FZ, -14.3 
F. 426, F%. -2 
F, 426, FY, 10.3 
F. 426, FZ, -14.3 
r, 4 21 . FX, ,2 
F 427, FY, 10.3 
F. 427, FZ, -11.3 
p08T=RIOR T MPORALI! 
I RIGTH SIDE 
r, 924, IX, 11.2 
F, 924. FY, 15.7 
F 924, F2, -15.7 
F, 925, F%, 11.2 
F, 925, FY, 15.7 
P 925, F2, -15.7 
F, 926, F%, 11.2 
Fý 926, FY115.7 
26, FZ, -15.7 
1,. 927 F%FY, 
15.7 
P g27, , 
15.7 
F 927, F2, -15.7 
F, 928, FX, 
11.2 
F, 928, FY, 
15.7 
8,928, F2, -15.7 
F, 929, F%, 
11.2 
F 92 9, FY, 
15.7 
F, 929,12, -15.7 
F 930, X, 
11.2 
F 930, FY, 
15.7 
7S 
Appnidu B/APDL C de for Londirg ofMo. dible Eire Elemeu Model. 
F, 354, 
FY, 22.1 
r 351,12,3.6 
F. 355, 
rx, 7.7 
r X53,11.22.4 
1.355, 
FZ, 3.6 
F +83.1X, 
7.7 
483.91,32.1 
r/B3, 
FZ, 1.6 
yJ, YEpAL 
YTIAI00ID (INTUIOE, EEED) 
RIGHT SIDE 
3 619X: -5; 
3 61,: 
r 
Y5.29, 
F2, 
622. T0. -5.3 
r. 622, FY, 
5.93 
F. 622. FZ, 
3.85 
C, 623.9X, -5.3 
r, 623, FY, 
5.93 
r, 623, FZ, 
3.85 
9,630X, 
5.3 
9,630, FY, 
5.93 
F, 630, F2,3.85 
9,, 633,1X, -5.3 
F, 633, FY, 5.93 
p , 
633, FZ, 3.85 
LEFT EIDE 
p, 20, Fx, 5.3 
9,20, FY, 5.93 
r, 20,12,3.85 
9,21,1X, 5.3 
p, 21, FY, 5.93 
r. 21, FZ, 3.85 
[, 25.1X, 5.3 
r, 25, FY, 5.93 
9,25,92,3.85 
r, 31, [x, 5.3 
p, 31, FY" 5.93 
r, 31, FZ, 3.85 
9,32,1X"5.3 
32, FY, 5.93 
p, 32, FZ, 3.85 
LATERAL [TZAIGOID (8u7ZRIOII WD) 
r RIGHT SIDE 
P, 625, FX. -3.5 
625, FY, 7.53 
1,625, [1,1.6 
r, 626, FX. -3.5 
9,626.10.7.53 
, 
626,12,1.6 pr 
627, Fx, -3.5 
p 627. PY, 
7.53 
p 627, FZ, 
1.6 
r, 628,1X, '3.5 
Appemlix A/APDL Co frfor Ln diüg ofMnmlibie Fini, Element M. d4.. 
F, 930, FE, -15.7 
LEFT SIDE 
P, 369, FX, -1l. 2 
F. 369, FY, 15.7 
P, 369, FZ, -15.7 
F, 370, FX, -11.2 
F. 370, FY, 15.7 
F, 370, FZ, -15.7 
F, I71,2 
r, 371, FY, 15.7 
F, 371, FZ, -15.7 
F, 372, FX, -11.2 
F, 372, FY, 15.7 
F, 372, F2, -15.7 
F, 373, FX, -11.2 
F, 373, FY, 15.7 
F, 373, FZ, -15.7 
F, 374, FX, -11.2 
F, 374, FY, 15.7 
F, 374, FZ, -15.7 
F, 375, FX, -11.2 
F, 375, Fy, 15.7 
F, 375, FZ, -15.7 
IRDIL1 PTZ TODID 
RIGHT SIDE 
F, 942, F%, -7.7 
F, 942, FY, 22.4 
F, 942, FZ, 3.6 
F, 943, F%, 7.7 
F, 943, FY, 22.4 
F, 943, FZ, 3.6 
F, 944, F%, 7.7 
F, 944, FY, 22.4 
"944, F2 , 3.6 
F, 915, FX, -7.7 
F, 945, FY, 22.4 
F, 945, FZ, 3.6 
F, 946, F%, -7.7 
F, 946, FY, 22.4 
F, 946, FZ, 3.6 
F, 1068, F%, -7.7 
F, 1068, FY, 22.4 
r'1068 , FZ, 3.6 
LEFT 3IE 
F, 351, FX, 7.7 
F, 351, FY, 22.4 
F, 351, FZ, 3.6 
F, 352, FX, 1.7 
1,352, FY, 22,4 
F, 352, FZ, 3.6 
F, 353, FX, 7.7 
F, 353, FY, 22.4 
F, 353, F2,3.6 
F, 354,1X, 7.7 
76 
AppndL B/APDL Cod fb Loading of Mandible FI,, u Ehnen, Mix1e% 
F'2. FY, 7.53 
F: 
' 
6F2,1.6 
LEFT SIDE 
r, 26, FX, 3.5 
F, 26, FY, 7.53 
F, 26, rz, 1.6 
r, 27, FX, 3.5 
F, 27, FY, 7.53 
F, 27, FE, 1.6 
F, 26, FX, 3.5 
F, 28, FY, 7.53 
F, 28, F2,1.6 
F, 29, FX, 3.5 
F, 29, FY, 7.53 
F, 29, F2,1.6 
DXGAI Rse mscC 
RIGHT BIDE 
F, 2633, F%, /. 6 
F, 2637, FY, -6.2 
F, 2637, F2, -7.4 
F, 2636, F%, 4.6 
F, 2638, FY, -6.2 
r. 2630,1. ' ; 74 
F, 2639, FX, 1.6 
F, 2639, FY, -6.2 
F, 2639, FE, -7.4 
I LEFT SIDE 
F, 2642, F%, -4.6 
F, 2612, FY, -6.2 
F, 2642, F2, -7.4 
F. 2643, F11, -4.6 
F, 2643, FY, -6.2 
F, 2643, F4, -7.4 
F, 2644, F%, -1.6 
F, 2644, FY, -6.2 
F, 2644, F2, -7.4 
140DOLID NDSCLZ 
1 NIL 1 
RIGHT SIDE 
F, 1681, FX, -1.1 
F, 2661, FY, -0.9 
"2681. r Z -, ' . 
F, 26B2, FX, -1.1 
F, 2662, FY, -0.9 
F, 2682, F2, -0.3 
I LEFT SIDE 
F, 2669, rx, 1.1 
P, 2669, Y, 0. 
f, 2669, P8, -0.3 
77 
Appendix DI APDL Code for Loading of Mandible Finite Ek enf Mndd. 
F, 2670, FX, 1.1 
P. 2670, FY, -0.9 
P, 2670, FZ, 0.3 
yZL2 
RIGHT SIDE 
P 2683, FX, -1.3 
F, 26B 3, FY, -0.7 
, 
2687, F2, -0.3 
F. 2684, FX, -1.3 
F, 2689, FY, -0.7 
F, 2686, F1, -0.3 
I LEFT SIDE 
F 2671, FX, 1.3 
F, 2671, FY, -0.7 
F. 2671, FZ, -0.3 
F. 2 672, DX, 1.3 
F. 2672 , FY, '0*' 
F. 2672, FZ, -0.3 
lDIL 3 
RIGHT SIDE 
F, 2685,80, -1 
F, 26 . 5, FY, -0.4 
F, 2685, FE, -0.26 
F, 2686, FX, -1 
F. 2686, FY, -0.4 
8,2686,82, -0.26 
F. 2687, FX, -1 
F, 2687, FY, -0.4 
8,2687, F2, -0.26 
LEFT SIDE 
F, 2673, FX, I 
F, 2673, FY, -0.4 
8,2673, FZ, -0.26 
r. 2674,8X, 1 
F, 2674, FY, -0.4 
F. 2674, FE, -0.26 
F. 2675, FX, 1.22 
F. 2675, PY, -0.4 
F. 2675, FZ, -0.26 
T«L 4 
RIGHT SIDE 
F. 2688, FX, -0.7 
F, 2688, M-0-06 
F. 2688, FZ, -0.18 
F, 2689, FX, -0.7 
F, 2689, FY, -0.08 
F, 2689, F8, -0.18 
P, 2690, Fx, -0.7 
79 
AODGrdir B/APD/. Cole for Lou4iýajMumdMe £k, ,sM dd.. 
r, 125 , FX, 
2.5 
C 725, FY, 
14 
F '25, 
F2,2.5 
f. 726, FX, 
2.5 
726, FY, 14 
F 726, F2,2.5 
r, 727, FX, 
2.5 
727, FY, 14 
727, FZ, 2.5 
72B, FX, 2.5 
12B, FY, 14 
728, FZ, 2.5 
B61, FX, 2.5 
F B63, 
FY, 14 
663, FZ, 2.5 
3230. FX 
321, FY, 14 
y27B, F2 
F. 2404, 
FX, 2.5 
2404, FY, 14 
F 2404,! 
2,2.5 
2405, ! X, 2.5 
F 2405, 
FY. 14 
2415, F1,2.5 
2416,! X, 2.5 
2446, FY, 11 
F. 2146, 
Fl, 2.5 
seFT BIDS 
20, FX, -2.5 
r 20, 
FY, 11 
r 120, 
F2,2.5 
F, 116, 
; 
42.5 
f 116, 
FY, 
116, FZ 
f, , 177, 
FX, -2.5 
r, 177, FY, 
11 
I yr, FZ. Z. s r 119,9X, -2.5 
176, FY, 14 
179, r2,2.5 
179,9x, -2.5 
119, FY, 14 
r, 179, F2,2.5 
F, 1F0, Fx, -2.5 
9,160, FY, 1/ 
9,180,92 
1,202,9X, -2. S 
F, 292, FY 11 
9,282,92,2.5 
f, 1300, FX, -1.5 
F, 1300, FY, 14 
f, 1700, FZ, 2.5 
f, 2399, FX, -2.5 
F 2399, FY. 14 
9,0399,90,2.5 
F, 2400, FX, -2.5 
F. 2400, rY, 14 
[, 2400, rZ, 2.5 
F, 2490, FX, -2.5 
Appendix B/APDL Ck/or Loading ofMam/ihle Finite E1-1 MoAel 
F, 2690, FY, -0.08 
F, 2690, FZ, -0.18 
F, 2691, FX, -0.7 
F, 2691, FY, -0.08 
F, 2691, FZ, -0.18 
I LEFT SIDE 
F, 2676, FX, 0.7 
F, 2676, FY, -0.08 
F, 2616, FZ, -0.16 
F, 2617, FX, 0.7 
F, 2677, FY, -O. 08 
F, 2677, FZ, -0.16 
F, 2678, FX, 0.7 
F, 2678, FY, -0.08 
F, 2678, FZ, -0.18 
F, 2679, FX, 0.7 
F, 2619, FY, -0.08 
F, 2679, FZ, -0.18 
ACEL, O, -9.81,0 
RIGHT SIDE 
DL, 17UX, 0 
DL, 17r, UY-0.0007 
DL, 17 UZ,, 1.0006 
DL, 17ROTY, 0 
DL, 17ROTZ, 0 
Leer Stoa 
DL, 20U%, 0 
11,20UY, -0.0007 
01,20, OZ, 0.0006 
DL, 20ROTY, 0 
01,20, ROTZ, 0 
NSUBST, 1 
KBC, 0 
OUTRES, ALL, 1 
OU1PR, BASIC, 1 
T IME, 1.0 
LSIPRITE, 10 
SOLVE 
SAVE 
i LOAD ST*P 11 
I au""Ictai. Iwassx R 
t RIGHT SIDE 
F, 705, FX, 2.5 
F, 705, FY 11 
F, 705, F2, , 2.5 
F, 72 /, ex, z. 5 
F, 721, F?, 14 
F, 724, FZ, 2.5 
8(J 
Appendix B/APDL Code for Lo, diiw ofMnmliNle Finite Element Mrdel. 
r, x+so, FY, 1/ 
F, 2490, Fa, t. 5 
I DRIP IQJ9ZTER 
I RIGHT SIDE 
F, 808, FX, 7.8 
F. 808, FY, 3.1 
F, 808, FZ, -7.1 
F, 821, FX, 3.8 
F, 829, FY, 3.1 
F, 829, FZ, -7.1 
F, 830, FX, 3.8 
F, 8 30, FY, 3.1 
F, 830, rZ, -3.1 
F, 813, FX, 3.8 
F, 843, FY, 3.1 
F, 893, F8, -3.1 
F, 896, FX, 3.8 
F, 846, FY, 3.1 
,e46, FZ, -7.1 
F, 897, FX, 3.8 
F, 897, FY, 3.1 
r, 847, FZ, -3.1 
LEFT SIDE 
F, 237, PX, -3.8 
F, 237, FY, 3.1 
F, 237, F2, -3.1 
5,241, FX, -3.8 
F, 211, FY, 3.1 
!, 241,58, -3.1 
5,255,5X-3.8 
F, 255, FY, 3.1 
r, 255, rz, -3.1 
F, 256, FX, -3.8 
256, F Y, 3.1 
P, 256, F2, -3.1 
F, 238, FX, -3.8 
258, FY, 3.1 
F, 258, FZ, -3.1 
r, 265, rX, -3.8 
F, 265, FY, 3.1 
F, 265, FZ, -3.1 
I RTIS{RIOR TflftoRlLI. 
RIGHT SIDE 
F, 931,! 7(, 1.72 
P, 971, FY, 9.73 
P, 971, PL, -32.7 
F, 979, FX, 1.72 
P, 979, FY, 9.33 
F, 979, Fß, -12.7 
F, 1019, P%, 1.72 
F, 1018, FY, 9.33 
P, 3018, FL, -12.7 
P, 1019, EX, 1.72 
BI 
82 
Appendix B/APDL Code fnr L«iding ofMundifle Finite Element Md1. 
F, 1019, FY, %2' 3 
f, 1019, FZ,. 7 
LEFT SIDE 
F. 376, FX, -1.72 
F 376, FY, 9.33 
F. 376, FZ, -12.7 
F. 419, FX, -1.72 
[Y, 9.33 
F, q 19, FZ, -12.1 
F, 426,1.12 
F, 426, YY, 9.33 
F. 426, [Z, -12.7 
F, 427, FX, -1 72 
427,7 , 9.33 
F. 427, FZ, -12.7 
VO5TIIAIOR TII ORM, I3 
pIGTH BIDE 
F, 924, FX, 10.21 
F, 924, FY, 14.6 
F. 924, F2, -14.6 
F. 925, FX, 10.21 
925. F?. 14.6 
925, FZ, -16.6 
F, 926, FX, 10.21 
F, 926, E . 14.6 
F, 926, FZ, -14.6 
F, 927, FX, 10.21 
F, 927, FY, 14.6 
F. 927. FZ. -14.6 
F, 928, [X, 10.21 
F, 928, FY, 14.6 
F, 928 -14.6 
F. 92 9, IX, 10.21 
929, FY, 14.6 
F, 929, F2, -11.6 
F. 930, FX, 10.21 
F. 930, FY, 14,6 
Fr 930, F2, -14.6 
LEFT BIDE 
F. 369, FX, "10.21 
F. 369, Fl. 04.6 
F. 369, FZ, -11.6 
F. 370, F0, -10.21 
F, 370,82,14.6 
F. 370,! 2, -14.6 
F. 311, FX, -10.21 
F, 371, FY, 14.6 
Fr 371, [2, -14.6 
F. 312, FX, -10.21 
F, 312, FY, 14.6 
F, 372, FZ, -16.6 
F. 373, [X, -10.21 
F, 373, FY, 
14.6 
F, 373, FZ, -14.6 
83 
Apprfdic BIAPDL Code for Loading ofMaWible £inire Elemem Mod /.. 
F, 622, FY, 
6. I 
F, 622, FZ, 
3.7 
623, FX-53 
623, FY, 6.1 
F. 623, FZ, 
3.7 
F. 30, rx, -S. 
37 
630, FY, 6.1 
.7 F, 60, FZ, 
3 
30-5.7 
633, FY, 6.1 
F, 633, FZ, 3.7 
I LEFT SIDE 
F. 20, FX, 5,3 
20, FY, 6.1 
r, 20, FZ, 3.7 
E, 21, FX, 5.3 
F, 21, FY, 6.1 
F, 21, FZ, 3.7 
F, 25, FX, 5.3 
F, 25,11,6,1 
F, 25, F2,3.7 
F. 31, FX, 5,3 
r. 31,15,6.1 
F. 31, 
F. 32, FX, 5.3 
F. 32, FY, 6.1 
F. 32, FZ, 3.7 
tATLML MAT MID (SMIZDA IZAD) 
RIGHT SID. 
F, 625, FX -75 
622S, 
5. PZ, 
[Y, 7.6 
F, 6 1.71 
626[% 
636, 
f, 626, F2,1.34 
627 FX, -7.5 
f, 627, FY, 
7.6 
, 627,12 1.71 
628, FX, -7.5 
628, FY, 7.6 
626,1,1.74 
LIFT SIDE 
1.26,1X, 3.5 
F, 2 6, FY, 7.6 
1,26,12,1.34 
F, 27, FX 7.5 
1,27, FY, 7.6 
F, 27, F2,1.34 
1,26, PX, 7,5 
F, 28, [1,7,6 
1,28,12,1.74 
F, 29, FX, 7.5 
F, 29, FY, 7,6 
1,29, [2,1.34 
Appendix D/APDL Cnde fr Landing fMad. ble Fiw. £l-ml Modd. 
F, 374, FX, -10.21 
F, 374, FY, 14.6 
F, 374, F8, -146 
F, 375, FX, -10.. 21 
11,375, FY, 14.6 
F, 375, F2, -14.6 
I )DIAL PURIGOID 
1 RIGHT 9ID6 
F, 942, FX, -6.7 
F, 942, FY, 19.5 
F, 942, FZ, 2.4 
F, 943, FX, -6.7 
F, 943, FY, 19.5 
F. 943. FZ, 2.4 
F, 944, FX, -6.7 
F, 944, FY, 19.5 
F, 944, FZ, 2.4 
F, 945, FX, -6.7 
r194 5, FY, 19.5 
F, 945, F2,2.4 
F, 946, FX, -6.7 
F, 94 6, FY, 19.5 
F, 946, FZ, 2.4 
F, 1068, FX, -6.7 
F, 1068, FY, 19.5 
F, 1066, FZ, 2.4 
LEFT SIDE 
F, 351, F%, 6.7 
F, 351, FY, 19.5 
F, 751, F2,2.4 
F, 352, FX, 6.7 
F, 352, FY, 19.5 
F, 352, FZ, 2.4 
F, 353, F%, 6.7 
F, 353, FY, 19.5 
F, 353, FZ, 2.4 
F, 354, Fl, 6.7 
11,354, FY, 19.5 
F, 354, F2,2.4 
F, 355, FX, 6.7 
F, 355, FY, 19.5 
F, 355, F2,2.4 
F, 483, F?, 6.7 
F, 483, FY, 19.5 
F, 483, F8,2.4 
I LRTZPAL PTIRTGOID (IHr6AIOR RIAD( 
1 RIGHT SIDE 
F, 619, FX, -5.3 
F, 619, FY, 6.1 
F, 619, F2,3.7 
F, 622, FX, -5.3 
84 
AOO. d. B/APDL Code for lowlirtg %M 4if 1, Finir £l-. r Modd.. 
DIGMTRIC MUSCLE 
RIGHT HIDE 
F, 2637, FX, 1.6 
F, 2637, FY, -6.1 
F, 2637, FZ, -7.3 
F, 2638, FX, 1.6 
F, 2638, FY, -6.1 
F, 2638, FZ, -7.3 
F, 2639, F%, 1.6 
F, 2639, FY, -6.1 
F, 2639, F2, -7.3 
1 LEFT 920E 
F, 2612, FX, -1.6 
F, 2642, FY, -6.1 
F, 2642, FZ, -7.3 
F, 2643, FX, -1.6 
F, 2643, FY, -6.1 
F, 2643, FZ, -7.3 
F, 2644, FX, -4.6 
F, 2644, FY, -6.1 
F, 2644, FE, -7.3 
IRDDDLID NDICLI 
1 MEL 1 
RIGHT SIDE 
F, 26B1, FX, -0.8 
F, 26B1, FY, -0.7 
F, 2611, rz, -0.25 
F. 2682, F%, -0.8 
F, 2682, FY, -0.7 
F, 26B2, F8, -0.25 
LEFT SIDE 
F, 2669, FO, 0. e 
F, 2669, FY, -0.7 
F, 2669, FZ, -0.25 
F, 2670, F%, 0.6 
F, 2670, FY, -0.7 
F, 2670, FZ, -0.25 
t MTL2 
RIGHT SIDE 
F, 2683, FX, -1.1 
F, 26B 3, FY, -0.6 
F, 26B3, FL, -0.21 
F12684, FX, -1.1 
F, 26s4, FY, -0.6 
F, 26B1, FE, -0.27 
LEFT SIDE 
85 
96 
